d2) United States Patent 

Ward 



llllllllllllllllllEIllllllll 

US006277375B1 

(10) Patent No.: US 6,277,375 Bl 
(45) Date of Patent: Aug, 21, 2001 



(54) IMMU NOG LOBULES -LIKE DOMAINS WITH 
INCREASED HALF-LIVES 

(75) Inventor: Elizabeth Sally Ward, Dallas, TX (US) 

(73) Assignee: Board of Regents, The University of 
Texas System, Austin, TX (US) 

( * ) Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C 154(b) by 0 days. 

(21) Appl. No.: 08/811,463 

(22) Filed: Mar. 3, 1997 

(51) Int. CI. 7 A61K 39/395; C07K 16/00 

(52) U.S. CI 424/133.1; 530/387.3 

(58) Field of Search 530/387.3; 424/133.1 

(56) References Cited 

FOREIGN PATENT DOCUMENTS 

0 327 378 8/1989 (EP) . 
WO 93/22332 11/1993 (WO). 
WO 94/04689 3/1994 (WO) . 

OTHER PUBLICAnONS 

Batra, et al., "Insertion of Constant Region Domains of 
Human IgG, into CD4-PE40 Increases its Plasma 
Half-Life," Molecular Immunology, 30(4):379-386, 1993. 
Wawrzynczak, et al., "Blood Clearance in the Rat of a 
Recombinant Mouse Monoclonal Antibody Lacking the 
N-Linked Oligosaccharide Side Chains of the C^ 
Domains," Molecular Immunology, 29(2) :2 13-220, 1992. 
International Search Report dated Aug. 7, 1997 PCT/US97/ 
03321. 

Ames, Prody, Kustu, "Simple, rapid and quantitative release 
of periplasmic proteias by chloroform," J. Bacterial., 
160:1181-1183, 1984. 

Brambell, Hemmings, Morris, "A theoretical model of gam- 
maglobulin catabolism", Nature, 203:1352-1355, 1964. 
Bunneister, Huber, Bjorknian, "Crystal structure of the 
complex of rat neonatal Fc receptor with Fc", Nature, 
372:379-383, 1994. 

Deisenhofer, "Crystallographic refinement and atomic mod- 
els of human Fc Fragment and its complex from fragment B 
of protein A from Staphylococcus aureus al 2.9 and 2.8 & 
resolution", Biochemistry, 20:2361-2370, 1981. 
Duncan, Winter, "The binding site for Clq on IgG", Nature, 
332:738-740, 1988. 

Duncan, Woof, Partridge, Burton, Winter, "Localization of 
the binding site for the' human high affinity Fc receptor on 
IgG", Nature, 332:563-564, 1988. 

Edelman, Cunningham, Gall, Gottlieb, Rutishauser, Waxdal, 

"The covalent structure of an entire yG molecule", Proc. 

Natl. Acad. ScL, USA, 63:78-85, 1969. 

Ghetie, Hubbard, Kim, Tsen, Lee, Ward, "Abnormally short 

serum half-lives of IgG in (^-microglobulin deficient 

mice", Eur. J. Immunol, 26:690-696, 1996. 

I loo gen boom, Griffiths, Johnson, Chiswcll, Hudson, Winter, 

"Multisubunit proteins on the surface of filamentous phage: 

methodologies for displaying antibody (Fab) heavy and light 

chains", Nucl Acids Res., 19:4133-^137, 1991. 



Horton, Hunt, Ho, Pullen, Pease, "Engineering hybrid genes 
without the use of restriction enzymes: gene splicing by 
overlap extension", Gene , 77:61-68, 1989. 

Israel, Patel, Taylor, Marshak-Rothstein, Simister, 
"Requirement for a p2-microglobulin associated Fc recep- 
tor for acquisition of maternal IgG by fetal and neonatal 
mice", J. Immunol, 154:6246-6251, 1995. 

Israel, Wilsker, Hayes, Schoenfeld, Simister, "Increased 
clearance of IgG in mice that lack (^-microglobulin: pos- 
sible protective role for FcRn", Immunol, 89:573-578, 
1996. 

Junghans, Anderson, "The protection receptor for IgG 
catabolism is the p2-microglobulin-containing neonatal 
intestinal transport receptor", Proc. Natl Acud, 5c/. USA, 
93:5512-5516, 1996. 

Kabat, Wu, Perry, Gottesman, Foeller, "Sequences of pro- 
teins of immunological interest", U.S. Department of Health 
and Human Services, 1991. 

Kim et al., "Catabolism of the Murine lgGl Molecule: 
Evidence that Both CH2-CH3 Domain Interfaces are 
Required for Persistence of IgGl in the Circulation of 
Mice," Scand. J. Immunol., 40:457^*65, 1994. 

Kim ct al., "Evidence That the Hinge Region Plays a Role 
in Maintaining Serum Levels of the Murine IgGl Mol- 
ecule," Mol. Immunol., 32(7):467-475, 1995. 

Kim, Tscn, Ghctic, Ward, "Identifying amino acid residues 
that influence plasma clearance of mouse IgGl fragments by 
site directed mutagenesis", Eur. J. Immunol, 24:542-548, 
1994. 

Kim, Tsen, Ghetie, Ward, "Localization of the site of the 
murine IgGl molecule that is involved in binding to the 
murine intestinal Fc receptor", Eur. J. Immunol, 
24:2429-2434, 1994. 

Kristoffersen, Matre, "Co-localisation of the neonatal Fcp 
receptor and IgG in human placental term syncytiolropho- 
blast", Eur. J. Immunol, 26:1668-1671, 1996. 

(List continued on next page.) 

Primary Examiner — David Saunders 

(74) Attorney, Agent, or Firm — Fulbrighl & Jaworski 



(57) 



ABSTRACT 



Disclosed are recombinant vectors encoding 
immunoglobulin-like domains and portions thereof, such as 
antibody Fc-hinge fragments, subfragments and mutant 
domains with extended biological half lives. Methods of 
producing large quantities of such domains, heterodimers, 
and fusion proteins following expression by host cells are 
also reported. Described are antibody Fc and Fc-hinge 
domains, which have the same in vivo stability as intact 
antibodies; and domains engineered to have increased in 
vivo half lives. These DNA constructs and protein domains 
will be useful as templates for in vitro mutagenesis and high 
resolution structural studies; for immunization and vaccina- 
tion; and for the production of recombinant antibodies or 
chimeric proteins with increased stability and longevity for 
therapeutic and diagnostic uses. 

4 Claims, 15 Drawing Sheets 
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IMMUNOGLOBUUN-UKE DOMAINS WITH engineering of a new generation of therapeutic IgGs with 

INCREASED HALF- LIVES improved pharmacokinetics such as increased persistence in 

the circulation. But to date, no such fragments have been 

The U.S. Government owns certain rights in the present produced. 

invention pursuant to NIH grants R29 AI31592-01, 5 Immunoglobulin Fc domains are also of great interest for 

AI32413, AI39167 and AI33111. purposes of studying the mechanisms of antibody 

„ A ™, „ T stabilization, catabolism and antibody inieractions with fur- 

BACKGROUND OF THE INVENTION thef molecules of me immune s / slem ^ mclude> 

1. Field of the Invention depending on the class of antibody, interactions with 
The present invention relates generally to the field of the 10 complement, and binding to specific receptors on other cells, 

transport of serum proteins and antibodies mediated by the including macrophages, neutrophils and mast cells. More 

Fc receptor, FcRn, and further to the effect on serum half life detailed knowledge of the biology of Fc regions is important 

of agents that interact with the Fc receptor in a pll dependent in understanding various molecular processes of the immune 

wa y system, such as phagocytosis, antibody-dependent ccll- 

2. Description of Related Art 15 mediated cytotoxicity and allergic reactions. 

IeGs constitute the most prevalent immunoglobin class in Production of a longer-lived Fc fragment that has 

the "serum of man and other mammals and are maintained at increased binding to FcRn would be attractive, since such a 

remarkably constant levels. Recent studies indicate that the fragment could be used to tag therapeutic reagents. Chimeric 

major histocompatibiUly complex (MHC)-class I related , 0 protems produced in this manner would have the advantage 

receptor, FcRn, is involved in the homeostasis of serum IgGs of m 8 h «•» stabiUtv wluch would fewer doses of 

(Ghetic ct al., 1996; Junghans and Anderson, 1996; Israel ct a 8 cal to be used in therapy and possibly even allow 

al., 1996). This receptor most likely acts as a salvage lower of me a S ent 10 be mrou 6n its increased 

receptor, and this would be consistent with its known ability persistence in the bloodstream. Unfortunatcly.mcthodology 

to transevtose IgGs in intact form across the neonatal gut „ for generating proteins, such as antibody fragments, with 

(Wallace'and Rees, 1980; Rodewald and Kraehenbuhl, 1984 increased serum persistence has not yet been developed. 

) and yolk sac (Roberts et al 1990, Israel et al 1995) or SUMMARY OF THE INVENTION 
placenta (Knstoffersen and Matre, 1996; Sirmster et al., 

1996; Leach et al., 1996). The interaction site of FcRn on The present invention seeks to overcome deficiencies in 

mouse IgGl (mlgGl) has been mapped using site-directed 30 the art by providing functional proteins, antibodies or other 

mutagenesis of recombinant Fc-hinge fragments, followed agents that have an increased serum half-life through the 

by analysis of these fragments both in viva and in vitro (Kim interaction with Fc receptor (FcRn). These functional agents 

et al., 1994b; Medesan et al., 1996; 1997). From these include any molecule that binds to FcRn in a pH dependent 

studies, 1253 (EU numbering (Edelman et al., 1969)), H310, wa y such that binding affinity is strong at about pH 6 to 

H435 and to a lesser extent, H436 play a central role in this 35 about pH 6.5 relative to binding at pH 7.4. Physiologically, 

interaction. These amino acids are located at the CH2-CH3 this allows the agent to be salvaged by FcRn at iower pH and 

domain interface (Deisenhofer, 1981), and the mapping of released into the essentially neutral pH environment of the 

the functional site to these residues is consistent with the serum. The present disclosure includes protein and peptide 

X-ray crystallographic structure of rat FcRn complexed with compositions having altered scrum half-hvcs relative to IgG, 

rat Fc (Burmcistcr ctal., 1994b). 40 methods of making such proteins or peptides, either starting 

The FcRn interaction site encompasses three spatially with a known sequence or by screening random sequences, 
close loops comprised of sequences thai are distal in the and methods of screening unknown candidate agents for pH 
primary amino acid sequence. The central role of Fc his- dependent FcRn binding. In addition, disclosed herein are 
tidincs in building this site accounts for the marked pll methods of making an agent with altered serum half-life by 
dependence (binding at pH 6.0, release at pH 7.4) of the 45 conjugating or otherwise binding of that agent to a moiety 
Fc-FcRn interaction (Rodewald and Kiaehenbuhl, 1984; identified as having an increased serum half-life through its 
Raghavan et al., 1995; Popov et al., 1996), as the pKa of one interaction with FcRn. Such agents would include, but are 
of the imidazole protons lies in this pH range. 1253, H310, not limited to antibodies, fragments of antibodies, 
1 1435 and to a lesser degree, M436, arc highly conserved in hormones, receptor ligands, immunotoxins, therapeutic 
IgGs of both human and rodent IgGs (Kabat et al., 1991). 50 drugs of any kind, T-cell receptor binding antigens and any 
This, taken together with the isolation of a human homolog other agent that may be bound to the increased serum half 
of FcRn (Story et al., 1994), indicate that the molecular life moieties of the present invention, 
mechanisms involved in IgG homeostasis are common to Also disclosed arc methods of increasing the FcRn bind- 
both mouse and man and this has implications for the ing affinity of an FcRn binding protein or peptide so that the 
modulation of the pharmacokinetics of IgGs for use in 55 protein or peptide will have an increased serum half-life, 
therapy. These methods include identifying amino acids that directly 

To date, in studies to identify the FcRn interaction site on interact with FcRn. These amino acids may be identified by 
Fc, mutations of Fc-hinge fragments have been made that their being highly conserved over a range of species, or by 
reduce the serum half lives of the corresponding Fc-hinge any other method. Other methods would include, for 
fragments (Medesan et al., 1997; Kim et al., 1994a). The 60 example, mutation or blocking of the amino acid and screen- 
correlation between serum half life and binding affinity for ing for reduced binding to FcRn, or by a study of three 
FcRn is excellent for these mutated Fc-hinge fragments dimensional structure of the interaction, or by other methods 
(Kim et al., 1994b; Popov et al., 1996), suggesting that if the known in the art. When those residues are identified that 
affinity of the FcRn-Fc interaction could be increased, whilst directly interact, then secondary amino acids are identified 
still retaining pH dependence, this would result in an Fc 65 whose side chains are in the spatial vicinity of the direct 
fragment with prolonged serum persistence. Production of interaction. In the case of antibodies, these secondary amino 
such a fragment would be a significant advance in the acids often occur in loops so that they are exposed to the 
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solvent. In this way, mutation of these amino acids is not specific region of the Fc-hinge fragment, and in practical 

expected to disrupt the native protein structure. 'Iliese iden- terms, it has several important applications. It allows the 

tificd secondary amino acids are then randomly mutated and design and construction of antibody molecules, domains, or 

the mutated proteins or peptides are then screened for fragments, such as bivalent Fab fragments, with longer half 

increased binding affinity for FcRn at about pH 6 relative to 5 lives. These would be generally useful in that the slower 

the non-mutated protein or peptide. This method is appli- biological clearance times would result in fewer adminis- 

cable to any protein or peptide that binds FcRn in a pH trationsof any antibody or vaccine such that fewer "booster" 

dependent way and all such proteins or peptides would be vaccinations may be required. Furthermore, these molecules 

encompassed by the present claimed invention. It is also with longer half lives can be used to tag other therapeutic 

understood that random mutation, in and of itself, does not 10 molecules, such as vaccine molecules. The catabolic site 

constitute the invention, and that the secondary amino acids delineated in this invention is distinct from the ADCC and 

may be specifically mutated or modified or denvatized in complement fixing sites. This is important as antibodies may 

any way known in the art and then screened for the effect on be produced which arc completely functional and which 

FcRn binding. have longer half lives. Other important uses include, for 

In certain broad aspects, the invention encompasses the 15 example, antibody-based systemic drug delivery, the cre- 

design and production of recombinant antibody or antibody atioD of immunoloxins with longer lives or even antibody- 

Fc-hinge domains engineered to have increased in vivo, or Dased immunotherapy for chronic illnesses or conditions 

serum half lives. The Fc-hinge domain mutants with such as hay fever or other allergic reactions, or treatment of 

increased scrum half lives of the present invention arc T-cell mediated autoimmune disorders by anti-T-cell recep- 

generally defined as mutants in which one or more of the 20 tor antibodies or T-cell antigens. 

natural residues at the CH2-CH3 domain interface of the The Fc-hinge domain mutants may also be employed in 

Fc-hinge fragment have been exchanged for alternate amino embodiments other than those involving clinical 

acids. Such Fc-hinge domain mutants may also be function- administration, for example, in the isolation of receptors 

ally defined as mutants which exhibit impaired SpA involved in IgG catabolism. To this end, one may use 

(Staphylococcal protein A) binding. In preferred 25 screening assays or differential screening assays in which 

embodiments, the increased half-life Fc-hinge mutants will the mutants would exhibit binding or increased binding to a 

have changes in certain amino acids between about residue potential catabolic receptor. 

252 and about residue 436, which have been discovered to The discoveries disclosed herein concerning antibody 

form, or be in close proximity to, the 'catabolic control site* . catabolism are also envisioned to be useful to increase the in 

In a further embodiment, the invention encompasses the 30 vivo half life of virtually any recombinant protein, and 

isolation of peptides or agents that bind to FcRn with an particularly a recombinant antibody, which one desires to 

affinity that may not necessarily be greater than that of the administer to a human or animal. An antibody or recombi- 

IgG:FcRn interaction yet the peptides or agents still have a nant protein that was found to be cleared from the body more 

measurably longer half life than a simitar peptides or agents quickly than ideally desired could be engineered at the 

that do not bind to FcRn in a pH dependent manner as 35 residues identified herein, or in the vicinity of amino acids 

described herein. It is envisioned that such peptides or that are discovered to directly interact with FcRn, such that 

agents are useful as a stabilization "tag" for a therapeutic its in vivo half life was increased. 

agent or protein. In certain other embodiments, the present invention con- 
More particularly, the present invention concerns mutant ^ templates the creation of recombinant molecules, particu- 
Ig domains and antibodies containing domains in which one larly antibody constructs, including vaccines and 
or more of the following amino acids have been exchanged immunoloxins, with increased in vivo half lives. Longevity 
for other residues: threonine (thr) at position 252, threonine of recombinant molecules is often needed; and several 
at position 254, threonine at position 256 SEQ ID NO:39 protocols would benefit from the design of a molecule which 
(position 256 correspondes to residue 21 in SEQ ID NO:39), 45 would be more slowly removed from circulation after exert- 
( where in the amino acids arc numbered according to Kabat ing its designed action. This may include, for example, 
et al., (1991)). To increase the half life of an Fc-hinge antibodies administered for the purpose of scavenging 
domain, or intact antibody, any of the above residues may be pathogens, toxins or substances causing biological imbal- 
substituted for any other amino acid residue and then ances and thereby preventing them from harming the body; 
variants that have higher affinity for FcRn may be selected $Q and antibodies designed to provide long-term, systemic 
using bacteriophage display, for example, or by any other delivery of immunotherapculic drugs and vaccines, 
method known to those of skill in the art. Substitution can j 0 generate a domain, antibody or antibody construct with 
advantageously be achieved by any of the molecular bio- a longer half-life, one would modify the natural residues at 
logical techniques known to those of skill in the an, as the CH2-CH3 domain interface of the Fc-hinge which either 
exemplified herein below, or even by chemical modification. 55 f orrn tne « catabolic control site" or are in close proximity to 
Certain increased half-life antibodies or domains will be it. Several such catabolism controlling mutations are 
those which include one or more of the following substitu- described herein which may be straightforwardly engineered 
lions on the Kabat numbering system, or their equivalents on into an antibody molecule or antibody conjugate. These 
different numbering systems: threonine (thr) 252 to leucine include, substituting another residue for threonine 252, 
(leu) 252, threonine 254 to serine (ser) 254, threonine 256 to 60 Ihreonine 254, threonine 256, methionine 309, glulamiue 
phenylalanine (phe) 256. An example as disclosed herein is 311 and/or asparagine 315 SEQ ID NO:39 (position 315 
the triple mutant termed LSF which contains the three corresponds to residue 80 in SEQ ID NO:39), (Kabat et al., 
mutations: threonine 252 to leucine 252, threonine 254 to 1991). The present invention also provides an advantageous 
serine 254, threonine 256 to phenylalanine 256. method for determining other residues important for catabo- 

Tht production of Fc-hinge domains with longer in vivo 65 control, 

half lives is an advantageous development in that it further The proteins or peptides of the present invention may be 

delineates the site for the control of IgGl catabolism to a expressed from recombinant plasmids or expression vectors 
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adapted for expression of immunoglobulin-Hke domaias, supports, including sepha rose or magnetic beads or synthetic 

such as antibody domains, or other proteins or peptides in bilayers such as liposomes. The products could also be 

recombinant host cells. Recombinant plasmids thus may linked to carrier proteins such as bovine serum albumin. The 

comprise a DNA segment coding for one or more Fc constant domains, or constant domains in combination 

immunoglobulin-like domains. Accordingly, any one or 5 with other proteins, could also be linked synthetically to 

more of a wide variety of immunoglobulin-like domains or co-receptors such as the extracellular domains of CD4 or 

other protein or peptide may be incorporated into a rccom- CD8. 

binanl vector and expressed in a host cell in accordance Recombinant, or cloning, vectors are included in one 

herewith. These include, but are not limited to, variable or aspect of the present invention. Such vectors and DNA 

constant domains from IgG, IgM, IgA, IgD, IgE, T cell ifl constructs will be useful not only for directing protein 

receptors, MHC class I or MHC class II, and also, CD2, expression, but also as for use as templates for in vitro 

CD4,CD8,CD3 polypeptides, Thy-1 and domains from the mutagenesis. Vectors will generally include a leader 

PDGF receptor, N-CAM or Ng-CAM. sequence, preferably pelB (Better el al., 1988), although 

In certain embodiments, the present invention concerns other leader sequences may be used, for example, alkaline 

the expression and production of anu^dy constant domains. phosphatase (phoA) or ompA. In a preferred embodiment, 

Ihe production of antibody Fc-hinge, fc, CH2-hinge or the pelBleaoer segment is momfied with a unique restriction 

CH3 domains is preferred with Fc-hingc or Fc domains si ^ „ NcoI allowin of amibod yariablc 

being particularly preferred due to their longer in vivo half doma{n ImrodlIctjo J 0 f such restriction sites is a 

lives. In other instances, the production of Fc-hinee domains . . . ,™ . 4 . 4 , 

(or antibodies incorporating such domains) with mutations convenient means ot cloning in a DNA segment in the same 

at thr 252, thr 254 or thr 256 is preferred as these have 20 rcadlD S framc as ^ lcader sequence, 

specifically longer half lives. Such mutants are exemplified Modification of the leader sequence DNA may be 

by thr 252 to leu 252, thr 254 to ser 254 and thr 256 to phe achieved by altering one or more nucleotides employing 

256. site -directed mutagenesis. In general, the technique of site 

Various segments or subfragments of any of the above specific mutagenesis is well known in the art as exemplified 
domains, as well as other variable or constant domains, may 25 hv publicatinas (Carter et al., 1985; Sambrook et al., 1989). 
also be employed in accordance herewith. These domains As will be appreciated, the technique typically employs a 
include, for example, the immunoglobulin domains CHI . phagemid vector which exists in both a single stranded and 
Variations of immunoglobulin domains other than those double stranded form. Alternatively, mutants may be gen- 
specifically described above also fall within the scope of the crated by using the PCR™. Typical vectors useful in site- 
invention. Such variations may arise from naturally- 30 directed mutagenesis include vectors such as the Ml 3 phage 
occurring or genetically engineered mutations, such as point (Messing et al., 1981) or pUC 119. 'ITiese vectors are readily 
mutations, deletions and other alterations affecting one or commercially available and their use is generally well 
more amino acids or the addition of amino acids at the N or known to those skilled in the art. Alternatively, methods of 
C termini. site-directed mutagenesis employing double stranded plas- 

Furthermore, while the invention has been illustrated with J5 mids or phagemids and the like are also well known in the 

murine FcRn and immunoglobulin fragments, similar strat- art and may also be used in the practice of the present 

egies are applicable to immunoglobulin-likc domains or invention. 

other proteins or peptides from a variety of other species, Site directed mutagenesis in accordance herewith is per- 

including mammals such as rat, and more particularly, formed by first obtaining a single stranded vector which 

human immunoglobulin-like molecules. In light of the struc- 40 includes within its sequence the DNA sequence encoding a 

tural similarity of the immunoglobulin-like domains, and the leader sequence, pclB being used herewith. An oligonuclc- 

conservationofthe immunoglobulin superfamily throughout olide primer bearing the desired mutated sequence is 

evolution, it is contemplated that the techniques of the prepared, generally synthetically, for example by the method 

present invention will be directly applicable to the expres- of Narang et al., (1980). The primer is annealed with the 

sion and recombinant production of an immunoglobulin-like 45 single stranded vector and subjected to DNA polymerizing 

domain from any given species. enzymes such as the E. coli polymerase I Klcnow fragment. 

Other DNA segments may also be included linked to the In order to complete the synthesis of the mutation bearing 
immunoglobulin-like domains described. For example, one strand, a heteroduplex is formed wherein one strand encodes 
or more recombinant antibody variable domains of varying the original non-mutated sequence and the second strand 
specificities may be linked to one or more antibody constant 50 bears the desired mutation. The heteroduplex may be trans- 
domains, immunoglobulin constant domains, or even other formed into a bacterial cell, with E. coli. being preferred, 
proteins, such as bacteriophage coat protein genes, nor- Clones are screened using colony hybridization and radio- 
mones or antigens, including T-cell receptor antigens, 'itie labeled mutagenic oligonucleotides to identity colonies 
antibody constant domains of the present invention may also which contain the mutated plasmid DNA (Carter et al., 
be combined with another immunoglobulin domain, or 55 1985). PCR™ directed mutagenesis, using double -stranded 
indeed, with any other protein. The immunoglobulin con- DNA templates, is particularly suitable for generating 
slant domains may be variously expressed as a single increased half life mutants. PCR™ mutagenesis typically 
domain, such as a CH3 domain; or in combination with one, involves the use of a primer encoding one or more alternate 
two, three or more domains, such as, for example, as a or random amino acid in one or more amplification reac- 
CH2-hinge domain, an Fc domain, or an entire Fc -hinge 50 tions. 

domain. In particular embodiments, discussed in more detail Constructs may also include a "tag 1 * useful for isolation 

below, Fc or Fc-hinge domains may be linked to any prolein and purification of the expressed polypeptide product. Tags 

to produce a recombinant fusion with enhanced biological are relatively short DNA segments fused in -frame with a 

stability, or certain mutants may be employed to create sequence encoding a desired polypeptide, such as 

antibodies or fusion proteins with increased half lives. 65 polyhistidine, which have the function of facilitating 

Once expressed, any of the products herein could be detection, isolation and purification. For example, affinity 

radiolabeled or fluorescently labeled, or attached to solid peptides may be encoded by the segments, allowing isola- 
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lion by selective binding to specific antibodies or affinity For expression in this manner, one would position the 

resins. Any of a number of tags may be used, including the coding sequences adjacent to and under the control of the 

c-myc tag, (bis),, tag, decapeptide tag (Huse et al., 1989), promoter. It is understood in the art that to bring a coding 

Flag™ (Immune x) tags and so forth. A number of the tags sequence under the control of such a promoter, one positions 

are also useful for the detection of expressed protein using 5 the 5' end of the translation initiation site of the translation 

Western blotting (Ward et al., 1989; Towbin et al., 1979). reading frame of lhe protein between about 1 and about 50 

(His) 6 tags, for example, are preferable for purifying nucleotides "downstream" of (i.e., 3' of) the . chosen pro- 

secreted polypeptide products on affinity metal chromatog- moter. 

raphy columns based on metals such as Ni 2 *. The (his) 6 . . . . . . .„ 

peptide chelates NP* ions with high affinity. Polypeptide 10 , 'ukaryoUc expression is contemplated, one wil 

products containing these residues al Tthe N or C termini bind 10 also W 103 ^ desire l * '"fo^te into the transcriptional 

to the affinity columns, allowing polypeptide impurities and umt ' ^ appropriate polyadenylauon site (e.g., 5-AATAAA- 

other contaminants to be washed away as part of the 3 ') lf onc was DOt contained withm the original cloned 

purification process. Polypeptide products can then be eluted segment. Typically, the poly A addition site is placed about 

from the column with high efficiency using, for example, 30 to 2000 nucleotides "downstream" of the termination site 

9 50 mM imidazole 15 °^ me P mtem at a position prior to transcription termination. 

Peptide tags, or linkers, may also be incorporated into the A* used herein the term "engineered" or "recombinant" 

immunoglobin product. For single chain Fv or T cell recep- <*U ^ intended to refer to a cell into which a recombinant 

tor (TCR) fragments, preferred linker peptides include a g cnc * sucn as a g CDC encoding an immunoglobulin-likc 

15-mer, for example, (gly 4 ser) 3 , or other linkers, such as domain, has been introduced. Therefore, engineered cells 

those described in Filpula and Whitlow (1991). are distinguishable from naturally occurring cells which do 

As mentioned above, recombinant vectors of the present not comain a recombinant gene thai is introduced by trans- 
invention may also include ONA segments encoding various fection or transformation techniques. Engineered cells are 
other proteins. In particular, it is envisioned that recombi- mus ^ havin & a S cnc or S CDCS introduced through the 
nant vectors encoding antibody Fc-hinge or Fc domains may 25 nand °* man - 

also include DNA segments encoding other proteins, or Suitable host cells useful in the practice of the invention 

fragments thereof, particularly where one wishes to produce include gram-negative organisms and might include Serra- 

the protein in a form that has a longer serum half life. It is tia marcescens, Salmonella typhinturium and similar spc- 

envisioned that the serum stability of proteins or peptides cies. A particularly preferred host cell is Escherichia coli and 

intended for administration to animals or humans may be 30 the several variants of E. coli that are readily available and 

increased in this manner. Examples of such proteins or well known to those of skill in the art. 

peptides include, for example, interleukin-2, interleukin-4, A particular aspect of the invention is a method for the 

y-interferon, iasulin, T cell epitopes and the like, and even production of immunoglobulin-like domains such as, native 

TCR V fl Vp. A variety of synthetic drugs could, likewise, be or mutant antibody constant domains, or subfragments or 

stabilized in this manner. 35 fusion proteins thereof. To produce such domains or modi- 

DNA segments encoding such proteins may be opera- fied domains, a gram-negative microorganism host cell is 

lively incorporated into a recombinant vector, in frame with first transformed with any of the disclosed recombinant 

the Fc-based domain, whether upstream or downstream, in vectors, and then cultured in an appropriate bacterial culture 

a position so as to render the vector capable of expressing a medium under conditions to allow expression of the 

proteinic domain fusion protein (or a protein :Fc-hinge 40 immunoglobulin-likc domain(s), which may be subsc- 

domain fusion protein). Techniques for the manipulation of quently isolated. 

DNA segments in this manner, for example, by genetic Culluring typically comprises growing and inducliou. 

engineering using restriction endonucleases, will be known Growing is conveniently performed in such media as Luria 

to those of skill in the art in light of both the present broth phis 1% glucose, 4xTY (double strength 2xTY) plus 

disclosure and references such as Sambrook et al. (1989). 45 1% glucose, minimal media plus casamino acids and 5% w/v 

The invention has been illustrated with prokaryotic host glycerol with temperatures in the range of 20° C. to about 

cells, but this is not meant to be a limitation. The prokary otic 37° C„ preferably between 25-30° C. In preferred 

specific promoter and leader sequences described herein embodiments, the media will contain a selection agent, such 

may be easily replaced with eukaryotic counterparts. It is as ampicillin at a concentration of 0.1 mg/ml to select 

recognized that transformation of host cells with DNA 50 bacterial cells which contain the expression plasmid. 

segments encoding any of a number of immunoglobulin-like Naturally, one will choose a particular selection agent in 

domains will provide a convenient meaas of producing fully conjunction with the plasmid construct originally employed, 

functional proteins, such as for example, functional IgGs. as is known to those of skill in the art. 

Both cDNAand genomic sequences are suitable for eukary- Induction of expression is typically performed at a point 

otic expression, as the host cell will, of course, process the 55 after growth has been initiated, usually after 12-16 hours at 

genomic transcripts to yield functional mRNA for transla- 30° C. This length of time results in the cells being in the 

lion into protein. Increased half life mutant domains and early stationary phase at the induction stage. If the growth 

antibodies may be produced in glycosylated form in eukary- media contains glucose, the cells arc pelleted and washed 

otic systems which fix complement, and mediate ADCC. prior to addition of an inducer, such as isopropylthiogalac- 

It is similarly believed that almost any eukaryotic expres- 60 topyranoside (1PTG) at a concentration of 0.1-1 mM, since 

sion system may be utilized for the expression of proteins glucose inhibits induction of expression. Again, a variety of 

and peptides of the present invention, e.g., baculovirus- other inducers may be employed, according to the vector 

based, COS cell-based, myeloma cell-based systems could construct originally used, as is known in the art. Cells may 

be employed. Plasmid vectors would incorporate an origin be grown for shorter periods prior to induction, for example 

of replication and an efficient eukaryotic promoter, as exem- 65 for 6-10 hours, or to the mid-exponential stage of growth, 

plified by the eukaryotic vectors of the pCMV series, such Cells are induced for 5-28 hours. Five to six hours of 

as pCM V5. induction is a preferred induction time if the protein is to be 
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isolated from the periplasm, since longer induction times their repeated administration. However, the present methods 

result in the protein leaking into the culture supernatant. are not limited solely to the production of proteins for human 

However, it may be desirable to isolate product from the administration, and may be employed to produce large 

external medium, in which case one would prefer using quantities of any protein with increased stability, such as 
longer induction times. Temperatures in the range of 20° C 5 mav De used » for example, in immunization protocols, in 

to 37° C. may be used as growth and induction temperatures, animal treatment by veterinarians, or in rodent in vivo 

with 25° C. being a preferred induction temperature. therapy models. 

Isolating polypeptide products produced by the microbial A mu,ai " ^"f. 'J 0 ™ 0 u has ^ generated * *e 

host cell and located in the periplastic space typically ? KXm '° veD ° t^rr, ° ^ l ° * 

involves disrupting the microorganism, generally bv such to «« v ™ half life .n comparison lo native domains. 

\. , , • 4 . i . . . c i_i The present uivention therefore further encompasses metb- 

means as osmotic shock, somcation or lysis, but preferably , K ... . K . 

by osmotic shock. Once cells are disrupted, cells or cell ods 10 , p ^ c ?. antlb ° dics 01 P r ° tcins , w " h 

/. . . - , . , -c. extended biological half lives. These methods include, 

debris may be conveniently removed by centrifucation or ~ Al ,. ° , . , , , ' 

filtration, for example. The proteins may be further purified, firsU . y ' C0UpL . n S a f! 0 ?™ or f «tibod y vartable domam to 

for example, by affinitv metallic resin chromatography when » an greased half life mutant domam of the present 

. , » * i_ j * , .-j invention, as described above. To produce such antibodies or 

appropriate peptide tags are attached to the polypeptide , . . , * , . . . - 

j proteins one would prepare a recombinant vector capable of 

pr0 UC ' expressing the desired fusion or mutated protein, insert the 

Alternatively, if the induction period is longer than 8 veclor mt0 a gram -negative bacterium, culture it to allow 

hours (at 25° C, for example), so that the protein leaks into cxprcssion and thc antibody or protein so produced, 

the culture supernatant, cells may be removed from the techniques are applicable to anv antibody or protein 

culture by centrifugatioo and the culture supernatant Altered which onc dcsircs t0 havc a longer* biological half life, 

and concentrated (for example, 10-20 fold). Concentrated including antibodies and immunotoxins. 

supernatant is then dialyzcd against phosphate buffered method of thc invcntion> particularly suitcd t0 

salme and separation achieved by column chromatography, producinfi anlibodi es with increased serum half lives, is to 

such as affinity or adsoigtion chromatography. An example siffl j a ^ yen amibod „ Qne 0f mQK of , he 

is separation through Ni -NTA-agaruse lo separate appro- residuM discloscd hcrein either at> or in proximi , y to , thc 

pnately tagged proteins such as those carrying a (his), lag. catabolic ^ ^ ^ chemica „ or 

When these togs are used m thc construction of an cxprcs- b random Qr sitCKlircctcd mutagcncsis ^ rccombinan , 

sion > vector, histidine tags are particularly preferred as they production usin any known produclion method. A preferred 

facilitate isolation and purification on metalhc resins such as method fc tQ replace , he ^ aU of , he 

Ni -IN 1A agarose. remaining 19 residues and then select (using phage display 

As used herein, the term "biologically stable protein" is if more than one residue is mutated simultaneously) mutants 

intended to refer to a protein which has been modified th al h avc higher affinity for FcRn. Thc selected mutants 
resulting in increased serum half life with respect to the 35 should also bind to FcRn in a pH dependent manner as 

original protein. This term encompasses both known recom- described herein, the pH can be controlled during the 

binant proteins and also proteins for which the recombinant selection steps. This selection method also is applicable to 

form has not yet been reported. As such, increased biological random peptide libraries or or any other randomly mutated 

stability may be measured with respect to the known or protein. Antibodies engineered in this manner may be single 
original recombinant protein, or with respect to the native ^ antibodies, domains, Fab fragments, or antibody conjugates 

protein. Biological stability may be measured by a variety of suc h as immunotoxins and antibodies used for therapeutic 

in vitro or in vivo means, for example, by using a radiola- regimens. 

bclcd protein and measuring levels of scrum radioactivity as ^ contemplated within the scope of the invention are 

a function of time, or by assaying the levels of intact recombinant immunoglobulin -like domain products, such as 
antibody (of known specificity) present in the serum using 45 variable or constant antibody domains; antibodies, antibody 

ELISA as a function of time, with a particularly preferred constructs, antibody domains or immunotoxins with 

measure of increased biological stability being evidenced by extended half lives; or domains from MHC molecules or cell 

increased scrum half life and decreased clearance rates. signalling molecules such as CD2, CD4, CU8, CD3, 

To produce a biologically stable recombinant protein in N-CAM or Ng-CAM, or PDGF receptor domains, or frag- 
which the protein in question is linked to an antibody 50 ments thereof. In preferred embodiments, these will include 

Fc-hinge domain or an antibody Fc domain, in accordance antibody constant domain products, such as Fc-hinge, Fc, 

herewith, one may first prepare a recombinant vector CH2-hinge and CH3 domains; and antibody Fc-hinge 

capable of expressing a protein:Fc-hinge or protein:Fc domains engineered to have longer in vivo half lives, such 

domain fusion protein in a gram-negative host, as described as, for example, the LSF mutant. It will be appreciated that 
hereinabove. One would then insert the recombinant veclor 55 modification and changes may be made in the composition 

into a gram-negative bacterium and culture the bacterium of these domains, for example by altering the underlying 

under conditions effective to allow the expression of the DNA, and still obtain a molecule having like or otherwise 

fusion protein. Following this, one may then proceed to desirable characteristics. As such, biological functional 

isolate the fusion protein so produced, for example, using equivalents of these immunoglobulin-like domains and 
the methods of the present invention. 60 mutants such as peptides and other randomly mutated pro- 

The above method is proposed for use in the generation of teins that bind to FcRn are also included within the scope of 

a series of therapeutic compounds with improved biological the present invention. 

stability. Such compounds include, for example, interleukin- In general, certain amino acids may be substituted for 

2, insulin, interleukin-4 and interferon gamma, or even T cell other amino acids in a protein structure without appreciable 
receptor V fl V p . The recombinant Fc domains of this inven- 65 loss of interactive binding capacity with structures such as, 

tion are also contemplated to be of use in stabilizing a wide for example, antigen-binding regions of antibodies or reccp- 

range of drugs, which would likely alleviate the need for tor sites. Since it is the interactive capacity and nature of a 
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protein that defines that protein's biological functional regulation may be accomplished hy providing an FcRn with 

activity, certain amino acid sequence substitutions can be an altered binding affinity for IgG and thereby regulating 

made in a protein sequence (or, of course, its underlying IgG levels. 

DNA coding sequence) and nevertheless obtain a protein i n a further embodiment the present invention may be 

with like or even countervailing properties (e.g., antagonis- 5 extended to include other proteins, peptides or ligands, 

tic v. agonistic). It is thus contemplated that various changes including non-protein ligands, that bind to FcRn with high 

may be made in the coding sequences of immunoglobulin- affinity and in a pH dependent manner similar to that of the 

like domains without appreciable loss of the biological exemplary antibodies disclosed herein such that their serum 

utility or activity of the encoded protein. It may even be half life is extended. 

possible to change particular residues in such domains to 10 ^ m {s exemplified b lhe producliorj of 
enhance their biological utility or to increase their interac- { liUes of ^ variablc ion and C0QSlanl rc ^ on 
tive capably for example, by increasing the binding immuDOglobuliD . lik e domains, and genetically engineered 
affinity of Fc for RcRn. mutant domains mchK ied are examples of the produc- 
As illustrated herein, transformed host cells will provide t i on 0 f immunoglobulin-like domains derived originally 
particularly good yields of immunoglobulin-like domains. 15 from an ^foody molecule. In particular, the production of 
The yields obtained are in the order of about 2 mg/L for antibody Fc-hinge, Fc, CH2-hinge and CH3 domains; and 
CH3; 1-1.5 mg/L for CH2-hinge; 1.5-2 mg/L for Fc; and Fc-hinge mutant domains with increased serum half lives, is 
0.5-1 mg/L for Fc-hinge. It is contemplated that such values disclosed. However, in light of such wide-ranging examples, 
may be readily scaled up to produce relatively large quan- which cover the spectrum of the immunoglobulin-like super- 
tities of these domains in a matter of days, employing, for 20 f^jy anc j modifications thereof, it will be understood that 
example, a (his) 6 tag for affinity purification with Ni 2 *-NTA- mc present invention is not limited to these examples alone, 
agarose. Thus the expression system will provide a ready Rather, it encompasses all the immunoglobulin-like s true- 
supply of immunoglobulin-like domain proteins which may tures described herein above. 

be obtained in a relatively cost^ffective manner. ln ]ighl of me previous discussion, the present invention 

Purification of immunoglobulin-like domains, such as may be described in certain broad aspects as a composition 

native antibody constant domains, or Fc-hinge domains with comprising a mutant IgG molecule having an increased 

increased half lives, may be achieved in many ways, includ- SC rum half-life relative to IgG, and wherein said mutant IgG 

ing chromatography, density gradient ccntrifugation and molecule has at least one amino acid substitution in the 

elect rophoretic methods. ^ Fc-hinge region. The IgG may be any IgG molecule and is 

The present invention facilitates the large scale produc- in certain embodiments, preferably a human IgG. 

tion of immunoglobulin-like domains, including those The invention may be also described in certain embodi- 

derived from human sources, which may be employed in a ments as a composition comprising a mutant IgG Fc-hinge 

wide variety of embodiments. These include their use in in fragment having an increased serum half -life relative to the 

vitro mutagenesis studies and in high resolution structural 35 serum half-life of IgG, and wherein said fragment has an 

analyses, such as NMR and X-ray crystallography. Fc-hinge increased binding affinity for FcRn. The compositions of the 

and Fc domain analyses have allowed the region involved in invention may thus comprise a molecule or fragment that 

antibody catabolism to be delineated, showing that residues has an amino acid substitution at one or more, or even three 

isoleucine (ile) 253, histidine (his) 310, his 435 and his 436 of the amino acids selected from number 252, 254, 256, 309, 

are important. Recombinant fragments, domains, or even ^ 311 or 315 in the CH2 domain or 433 or 434 in the CH3 

subf ragmen ts thereof, may be used for mapping the Fc domain, and in certain embodiments may have the following 

residues which are functionally important in binding to amino acid substitutions: leucine for threonine at position 

FcRn. Residues of recombinant Fc fragments may be 252, serine for threonine at position 254 and phenylalanine 

altered, prior to expression as soluble proteins as disclosed for threonine at position 256. In the case of an antibody or 

herein, or on the surface of bacteriophage (McCafferty et al., 45 particularly an IgG, increased binding affinity for FcRn may 

1990), and mutants binding with higher affinity to FcRn may be defined as having a dissociation constant for binding to 

be screened, or selected for, using solid surfaces coated with FcRn at pH 6, of less than about 7 nM as measured by 

FcRn or FcRn in solution. The preferred method is to use surface plasmon resonance analysis. It is understood that 

FcRn in solution and then to capture FcRnrbacteriophage any of the compositions of the present invention may also be 

complexes on beads. 50 defined in certain embodiments as pharmaccutically accept- 

Ine large scale production of immunoglobulin Fc-hinge able compositions, 

or Fc domains linked to other proteins or drugs also has In certain broad aspects, the invention may be described 

potential for immunotherapy. In certain embodiments, chi- as a method of increasing the serum half-life of an agent 

maeric proteins or drugs may be produced which have the comprising conjugating said agent to a mutant IgG or IgG Fc 

advantage of prolonged half lives and, since aglycosylated 55 hinge fragment having an increased serum half life as 

Fc has very low binding affinity for Fc receptors, they would described above. Preferred agents include, but are not lim- 

not bind to the large number of immune cells that bear these ited to a therapeutic drug, an antigen binding polypeptide, an 

receptors. This is a significant advantage since it reduces antigen or a receptor binding ligand, or even a T-cell 

non-specific binding. Such aglycosylated Fc fragments will receptor binding ligand, or a T-ccll receptor domain, 

also not fix complement and, importantly, this would likely 60 The invention also encompasses a method of making an 

reduce the occurrence of local inflammatory reactions. antibody with an increased serum half life comprising 

The present invention may also be described as a method identifying a first amino acid in an IgG hinge region that is 

of regulating IgG levels in serum comprising increasing suspected of being directly involved in FcRn binding, iden- 

FcRn binding to said IgG. This regulation may be accom- tifying one or more second amino acids wherein each of said 

plished by increasing or decreasing endogenous FcRn levels 65 second amino acids is in the spatial region of said first amino 

through alteration of the expression of FcRn, or by the use acid, and wherein the side chain of said second amino acid 

of recombinant cells expressing FcRn. In addition, the is exposed to solvent in the native antibody, making an 
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antibody with a random amino acid substitution of one or FIG. 3 A. Binding of 125 T -labeled WT Fc-hinge and 

more of said second amino acids to make a mutant antibody, HQ-310/HN-433 mutant to SVEC cells. Open bars represent 

and identifying a mutant antibody having an increased amount bound to cells following washes, and filled-in bars 

serum half life. This method may further comprise the step represent amount extracted from cell pellet following extrac- 

of isolating the antibody. In the practice of the method, the 5 lioa with 2.5 mg/ml CHAPS. 

first amino acid may be amino acid number 253, 310, 435 or FIG. 3B. Data from repeat of study shown in FIG. 3A. 

436 of the Fc fragment, and the second or secondary amino FIG. 4A. Catabolism of 125 I-labeled mlgGl, Fc-hinge 

acid may be amino acid number 252, 254, 256, 309, 311 or fragments and IgA. Closed triangle and + represent WT 

315 in the CH2 domain or 433 or 434 in the CH3 domain. Fc-hingc; closed box and X represent IIQ-310/IIN-433 

Id certain broad aspects, the invention may be described 10 m ^ in P2m+/+ (closed triangle and box) and p2m-/- <+ 

as a composition comprising an Fc fragment comprising the ' mice. 

fragment from about amino acid 250 to about amino acid mG 4B * Catabolism of Mabeled mlgGl, Fc-hinge 

440 of an IgG antibody, further defined as having a higher fragments and IgA. Open triangle and open box represent 

binding affinity for FcRn than said IgG antibody, having one IgA; open diamond and X-ed box represents mlgGl in 

or more amino acid substitutions in a region near one or 15 P2m+/+ (open triangle and open box) and p2m-/- (open 

more FcRn binding amino acid residues and having a higher diamond and X-cd square) mice. For each protein, rcprc- 

binding affinity for FcRn at pll 6 than at pll 7.4. sentative curves for one mouse from within each group are 

Another aspect of the present invention is a method of shoWD - ^ dala are for mic f C f u the C57BIV6 background, 

decreasing endogenous serum IgG in a subject comprising mG 5 - Clearance curves of Fc-hinge fragments in SWISS 

administering to said subject an effective amount of the 20 mice. Curves for one representative mouse from withm each 

composition comprising proteins or peptides having shown. 

increased serum half lives, and in particular adminstering an FIG. 6A. Regions of SPR sensorgrams showing dissocia- 

IgG with an increased serum half-life. tion of wild type (WT) (filled squares) and USF mutant 

Certain embodiments of the invention also include melh- ( fiUed triangles) Fc-hinge fragments at pH 6.0. Plots are 

ods of screening an agent for an increased serum half-life 25 f awn using BIAc valuation 2.1 software. Responses as a 

relative to the serum half-life of IgG, comprising the steps fancUon of time m shown m res P oose umls < RUs ) 

of obtaining a candidate agent, measuring the binding afifin- ™- *B. Regions of SPR sensorgrams showing dissocia- 

ity of said agent to FcRn at pH 7.4 and at about pH 6, tion of WT (filled squares) and LSF mutant (filled triangles) 

selecting a candidate agent with a higher binding affinity for Fc-hinge fragments at pH 7.4. The arrow indicates the point 

FcRn at about pH 6 than at pH 7.4 and comparing the 30 «« w " ich the buffer was changed from pH 6.0 to 7.4. Plots 

binding affinity of said selected agent to FcRn to the binding are ^ usin S devaluation 2.1 software. Responses as 

affinitv of IgG to FcRn under identical conditions, wherein a function of time are shown m response units (RUs). The 

an increased binding affinitv for FcRn relative to the binding bulk shift downwards due to the pH 7.4 buffer relative to the 

affinity of IgG is indicative of an agent with an increased PH 6.0 buffer (latter used as a baseline) results in the 

serurn half-life. Certain preferred candidate agents may be a 35 negative RU values. 

peptide or polypeptide, or even an antibody or a fragment of PIG. 7. Clearance curves of the murine IgGl molecule 

an antibody. In alternate embodiments the peptide may be and IgGl-derived fragments. 

selected from a random peptide library, or may be a ran- FIG. 8. Intestinal transfer of murine IgGl, Fab, Fc-papain 

domly mutated protein, or even a synthetic peptide. and recombinant Fc fragments. The numbers of mice used 

In certain embodiments, the invention may also be a 40 for each study were 6 (Fab), 12 (mlgGl), 16 (Fc-papain), 31 

method of increasing the serum half-life of a therapeutic (WT Fc), 5 (HQ-310/HN-433), 5 (WT Fc in adult mice) and 

agent comprising conjugating said therapeutic agent to an 1* (Fc-hybrid). 

agent having an increased serum half-life relative to the FIG. 9. Correlation between P phase half life and inhibi- 

serum half-life of IgG identified by the methods disclosed 45 tion of transfer for the recombinan WT and mutant Fc 

and claimed herein. fragments. 

FIG. 10. Inhibition of binding of 125 I-IgGl to isolated 

BRIEF DESCRIPTION OF THE DRAWINGS brush by UQ i a bclcd IgGl, WT and HQ-310/HN-433 

FIG. 1. Schematic representation of portions of the plas- mutant Fc fragments, 

mids used for the expression and secretion of immunoglo- 50 FIG. 11. Expression/phage display vector containing Fc 

bulin constant region fragments in E. coli. a) CH3 domain; gene (WT or mutant). Open circle-lacz promoter, hatched 

b) CII2-hingc; c) Fc fragment and d) Fc-hingc fragments. box-pelB leader, open box-WT Fc or HQ-310/HN-433 

The lacz promoter is represented by open circles, the pelB mutant, filled in box-c-myc tag and stippled box«cpIII gene, 

leader by hatched boxes, the immunoglobulin domains Single lines-backbone vector. 

[hinge region (H) and CH2, CH3 domains] by open boxes 55 FIG. 12 A. Transcytosis of recombinant Fc-hinge frag- 
and the his„ peptide tag (his) by filled-in boxes. ments. The numbers in parentheses represent the number of 
FIG. 2 A. Clearance curves for recombinant [CH2-hinge] mice used for each experiment. Maternofctal transmission of 
r The curves are bipbasic with a rapid a phase (representing recombinant Fc-hinge fragments in SCID mice, 
equilibration of the injected protein between the intra- and FIG. 12B. Inhibition of intestinal transmission of radio- 
extra vascular space; the a phase of the proteins are in part 60 labeled mlgGl by recombinant Fc-hinge fragments in 
determined by the size) and a longer p phase (representing BALB/c neonates. The value for H433A is not significantly 
the catabolism of the protein in the intra-vascular space). different from that for WT Fc-hinge. (by Student's test, 
The half life of the p phases of the fragments are given in p-0.127). 

Table I and these represent the biological half- lives of the FIG. 13 A. Binding of recombinant Fc-hinge fragments to 

proteins. 65 FcRn. Percent inhibition of FcRn binding to mlgGl- 

FIG. 2B. Clearance curves for glycosylated IgGl mol- Scpharose relative to binding in absence of inhibitor 

ecule. (average of three separate studies). 
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FIG. 13R. Binding of recombinant Fc-hinge fragments to 
SpA. Percentage of Fc-hinge fragment binding, to SpA- 
Sepharose relative to the binding of WT Fc-hinge (average 
of three separate studies). 

DETAILED DESCRIPTION OF THE 5 
PREFERRED EMBODIMENTS 

The present invention concerns the cloning and expres- 
sion of immunoglobulin-like domains and engineered and 
mutant domains in host cells such that the immunoglobin- 10 
like product has increased serum persistence. 

Disclosed herein are recombinant vectors encoding 
immunoglobulin-like domains and portions thereof, such as 
antibody Fc fragments and subfragments and Fc-hinge 
domains with extended in vivo half lives. Methods of 15 
producing large quantities of, for example, immunoglobulin 
Fc and Fc-hinge domains, which have the same in vivo 
stability as intact antibodies, are described, as are methods 
for producing antibodies and other molecules with increased 
half lives. These DNA constructs and protein domains are 
envisioned to be of various uses, such as in the production 
of immunotherapeutics or other stable recombinant proteias, 
or in the production of constructs. 

As the invention is exemplified by the production of a 
variety of immunoglobulin-like domains, including anti- 
body Fc-hinge, Fc, CH2-hinge and CH3 domains; and 
engineered Fc-hinge domains with extended in vivo half 
lives, such as, for example, the mutant termed LSF; it wiU 
be understood that other immunoglobulin-like domains may 
be expressed employing the methods of the present inven- 
tion. 

It is recognized that a considerable number of the key 
molecules of the immune system include homologous 
domains, the structure of which have been conserved 
throughout evolution. Such molecules are members of the 
immunoglobulin superfamily, which includes, not only anti- 
bodies and T cell receptors, but also MHC class I and II 
glycoproteins, the CD2, CD4 and CDS cell-cell adhesion 
proteins, and various Fc receptors, all of which contain one 
or more immunoglobulin-like domains. 

Each of these domains is typically about 100 amino acids 
in length and is thought to be folded into the characteristic 
sandwich-like structure made of two antiparallel fJ sheets, 
usually stabilized by a conserved disulfide bond. Many of AS 
these molecules are dimers or higher oligomers in which 
immunoglobulin homology units of one chain interact with 
those in another. 

Each immunoglobulin homology unit is usually encoded 
by a separate exon, and its seems likely that the entire 50 
supergene family evolved from a gene coding a single 
immunoglobulin homology unit similar to that encoding 
Thy-1 or (^-microglobulin, which may have been involved 
in mediating early cell-cell interactions. Since a Thy-1 -like 
molecule has been isolated from the brain of squids, it is 55 
probable that such a primordial gene arose before verte- 
brates diverged from their invertebrate ancestors some 400 
million years ago. New family members presumably arose 
by exon and gene duplications, and similar duplication 
events probably gave rise to the multiple gene segments that 60 
encode antibodies and T cell receptors. 

Apart from antibodies and the T cell receptor, among the 
best characterized proteins which contain immunoglobulin- 
like domains are the MHC molecules and the CD4 and CDS 
glycoproteins. 'Iriere are two main classes of MHC (major 65 
histocompatibility complex) molecules, class I and II, each 
consisting of a set of cell-surface glycoproteins. Both classes 
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of MHC glycoproteins are heterodimers with homologous 
overall structures, the amino-terminal domains of which are 
thought to be specialized for binding antigen for presenta- 
tion to T cells. But FcRn, an MHC class I homolog, has a 
distinct function i.e. the regulation of serum IgG levels. 

Each class I MHC gene encodes a single transmembrane 
polypeptide chain, termed u chain, most of which is folded 
into three extracellular, globular domains. Each a chain is 
noncovalemly associated with a nonglycosylated small 
protein, termed (^-microglobulin, (^-microglobulin and the 
a 3 domain, which are closest to the membrane, are both 
homologous to an immunoglobulin domain, and thus both 
proteins are members of the immunoglobulin superfamily. 
The two amino-terminal domains of the a chain, which are 
farthest from the membrane, contain the polymorphic 
(variable) residues that are recognized by T cells. T cells also 
recognize virally derived peptides bound to Class I 
molecules, and this is particularly important in cellular 
immunity. 

In common with class 1 MHC molecules, class II MHC 
molecules are heterodimers with two conserved immuno- 
globulin like domains close to the membrane and two 
polymorphic (variable) amino-terminal domains farthest 
from the membrane. In these molecules, however, both 
chains span the membrane. There is strong evidence that the 
polymorphic regions of both classes of MHC molecules 
interact with foreign antigen and that it is the complex of 
MHC molecule and foreign antigen that is recognized by the 
T cell receptor. 

CD4.and CD8 are expressed on the surface of helper and 
cytotoxic T cells, respectively. Both glycoproteins arc 
thought to bind to invariant parts of MHC molecules, CD4 
to class II and CD8 to class I MHC glycoproteins. 

Other molecules have subsequently been shown to 
include immunoglobulin-like domains. These include, for 
example, the PDGF receptor, the extracellular domain of 
which is thought to be folded into five immunoglobulin-like 
domains. An increasing number of cell-surface glycopro- 
teins that mediate cell-cell adhesion in vertebrates have also 
been identified as belonging to the immunoglobulin super- 
family. These include N-CAM, a large, single-pass trans- 
membrane glycoprotein which is expressed on the surface of 
nerve cells and glial cells and mediates Ca 2 *-indcpcndcnt 
cell adhesion. The extracellular portion of the N-CAM 
polypeptide is also folded into five immunoglobulin-like 
domains. The LI glycoprotein, also known as the neuron- 
glia cell-adhesion molecule, or Ng-CAM, is also a member 
of the immunoglobulin superfamily. 
A: Isolation of FcRn Ligands that Have Increased Serum 
Persist aence 

By randomly mutating regions that are in close proximity 
to the interaction site of FcRn on the Fc fragment, followed 
by selection for higher affinity binders from the library of 
mutants*, variant Fc fragments with increased serum half 
lives can be isolated. These higher affinity mutants should 
still maintain their pH dependence of binding, as data 
indicate that this is an important facet of the way in which 
FcRn works, i.e., binding to IgGs in an acidic compartment 
and then being released at about pH 7.4 into the serum. Thus, 
this method could be used to select any ligand (protein, 
peptide, or even non-protein ligand) that binds to FcRn in a 
pH dependent way, especially when FcRn is used in soluble 
form to isolate the ligand. In fact, it is clear that using the 
disclosed invention one could isolate a ligand from either a 
library of synthetic chemical compounds, a peptide library 
or library of proteins with randomized surface loops, obtain 
the soluble protein or peptide in as little as one week by 
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using standard isolation procedures well known lo those of glycosylated IgGI immunoglobulin molecule. In fact the 

skill in the art, and then use these peptides (loops) or proteins removal of Fc -binge resulted in a slight decrease in half life 

to prepare synthetic ligands using the ACD database to (Kim et al., 1995). These results indicate that for the murine 

identify homologs. Furthermore such FcRn ligands might be IgGI isotype the presence of carbohydrate residues does not 

more useful than IgGs or fragments as they may well be 5 appear to be necessary for in vivo stability, although it may 

smaller, and in the case of synthetic ligands, would be still play a minor role. Previous data obtained using protein 

expected to be non-immunogenic. In this respect, the isola- chemistry suggested that the CH2 domain is responsible for 

tion of a ligand that has a lower affinity than IgG for FcRn, in vivo stability (Ellerson et al., 1976) although a recent 

as well as those thai have the same or higher affinities, is study indicated that residues in the CH3 domain may also be 

contemplated as being useful. For example, a ligand that has 10 involved in the catabolism control of the murine IgG2a and 

a several fold lower affinity than mlgGl can still have a IgG2b isotypes (Pollock et al., 1990). 

significantly longer half life than a similar ligand that has no The present discoveries relating to stability are particu- 

detectable affinity for FcRn. laxly important as the in vivo stability of aglycosylatcd Fc 

The uses of a molecule that could be used to increase the fragments has not been previously assessed (Nose et al., 

serum half life of drugs, proteins, peptides, etc. would be 15 1990). Aglycosylated Fc fragments, in comparison with the 

enormous. In principle such a molecule could be used to glycosylated version (prepared by proteolysis of immuno- 

mcrease the serum persistence of any therapeutic reagent. globulin produced by mammalian cells), are known to have 

Therefore the claimed invention is broadly applicable to an reduced binding to complement Clq and greatly reduced 

almost unlimited number of therapeutic uses for the treat- binding to Fc receptors on monocytes (Nose et aL, 1990; 

ment of diseases or disorders as it can be used to both reduce 20 Leatherbarrow et al., 1985; Nose and Wigzell, 1983; Tao and 

costs and discomfort to the patient by reducing the number Morrison, 1989). However, these advantageous properties 

of therapeutic doses are needed. would be of little significance if the aglycosylated molecules 

D: Antibody Constant Domains were found to be unstable. The inventors have been able to 

The features of an immunoglobulin molecule that deter- express aglycosylated Fc fragments which proved to be 

mine high stability in vivo were incompletely understood 25 stable in vivo. 

prior to the present invention. Previous studies indicate that The production of the IgGI Fc-hinge or Fc fragment in £. 

the CH2 domain may play an important role in the control coli has allowed the important residues of this region 

of catabolism of antibodies, and a recent study has also involved in controlling antibody stability and catabolism in 

suggested that sequences in the CH3 domain may be vivo to be elucidated. These results are described in 

involved (Ellerson et al, 1976; Mueller et aL, 1990; Pollock 30 Example 8. Furthermore, following the present invention, 

el al., 1990; Kim et al., 1994a: Medesan el al., 1997). The human Fc domains may now be produced in E. coli, allow- 

presence of carbohydrate residues on the CH2 domain ing further detailed studies of the human protein, 

appears to have a minor if significant effect on the stability, Additionally, the bacterial secretion of Fc or Fc-hinge 

and the extent of the effect is dependent on the isotype (Tao domains, or Fc or Fc-hinge domain:fusion proteins, whether 

and Morrison, 1989). 35 of murine or human origin, is envisioned to provide a 

As part of the present work, recombinant CH2-hinge, convenient, economically attractive and rapid route for the 

CH3, Fc and Fc-hinge fragments derived from the murine production of novel proteins that have long serum persis- 

IgGl constant region have been expressed from host cells. tencc. 

The fragments have been purified, radiolabeled and used in Following structural analyses, smaller regions of the Fc 

clearance studies in mice. The clearance rates have been 40 structure may be employed in protein chimeras, or fusion 

compared with those of an Fv fragment and a complete proteins, to produce biologically stable therapeutic agents, 

glycosylated IgGI molecule. The recombinant Fc-hinge This is particularly useful for the production of therapeutic 

fragments have stability properties that arc very similar to agents which cannot be obtained from other expression 

those of the complete immunoglobulin molecule. In systems, such as mammalian cells, due to proteolysis. As 

contrast, the monomeric CH2-hinge and CH3 fragments are 45 such, the Fc-hinge or Fc domains of the present invention, 

both cleared rapidly and in a similar way to the Fv fragment. or portions thereof, are proposed to be useful modules for 

This indicates that sequences in both the CH2 and CH3 both the tagging and stabilization of recombinant molecules, 

region arc important for in vivo stability, and in addition, including chimeric proteins of therapeutic use. 

that gtycosylation only plays a minor role in the control of C: Catabolic Site of the IgG Molecule 

the catabolism of this isotype. 50 Of the lg class (IgA, lgE, lgM, IgD and IgG), the IgG 

The CH3 domain, Fc fragment and Fc-hinge fragment molecule has the longest in vivo half life (Zuckier et al., 

were all found to be homodimeric proteins. For the Fc and 1990). The region of the IgG molecule that controls catabo- 

CII3 domain, the dimcrs arc non-covalcntly linked, and arc lism (the 'catabolic site') has been known for several 

presumably stabilized by non-covalent interactions. For the decades to reside in the Fc fragment. This work, carried out 

Fc-hinge dimer, the fragments are covalently linked by 55 initially by Spiegelberg and Weigle (1966) and later con- 

— S — S — bridges between the hinge region cysteines. firmed by many others (reviewed in Zuckier et al., 1990), 

A particularly important aspect of this study is the finding indicated that the Fc fragment produced by proteolysis has 

that the immunoglobulin Fc-hinge and Fc fragments, puri- the same in vivo half life as the complete IgG molecule, 

fied following expression in host cells, have the same in vivo Works by Dorrington and colleagues (Dorrington and 

stability as a native antibody molecule. This was determined 60 Painter, 1974; Ellerson et al., 1976; Yasmeen el al., 1976) 

by measuring the clearance rates of 125 I-radiolabeled immu- showed that a CH2 domain fragment produced by trypsin 

noglobulin fragments in vivo as a function of time. Results digestion had the same half life as that of the complete IgG 

from these studies demonstrated that the recombinant agly- molecule. Although both earlier and more recent data sug- 

cosylated Fc-hinge or Fc fragments have similar stability in gest that the CH2 domain is involved in the control of IgG 

vivo as the complete glycosylated IgGI molecule. 65 catabolism, some of these data are not inconsistent with the 

The recombinant aglycosylated Fc-hinge fragment was additional involvement of the CH3 domain (Arend and 

found to have a p phase similar to that of a complete Webster, 1977; Dima et al., 1983; Mueller et al., 1990; Kim 
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et al., 1994a; Batra et ah, 1993). Indeed, recent work has involved in the catabolism of IgG (Kim et a l„ 1994a) 

indicated that both the CH2 domain and the CH3 domain, appears to be distinct from the sites involved in binding 

contain sequences that control the serum persistence of IgG FcyRI, RII and RIII receptors (the 'classical' FcRs), as these 

molccules(KimetaL, 1994a; Pollock et ah, 1990, Kim etal., recognize sequences primarily located in the lower hinge 

1994c; Medesan et al., 1997). In particular, site-directed 5 -region (Duncan etal, 1988; Lund et al., 1992; Sarmayet al., 

mutagenesis has been used to identify amino acid residues in m2; Jefferis et al., 1990; Canfield and Morrison, 1991; 

the CIL2-CII3 domain interface that arc critical for the Wawrzynczak et al., 1992). In addition, the catabolic site is 

^ lCa ^ ° f SCrUm i Ig PnU CVck A mitX 9^1 d &* c ' from the complement factor Clq binding site 

1994a; Medesan et al 1997), and this study therefore (Glu318 L ^ ^ Lys322) (Wawrzynczak et al., 1992; 

r^ulted in the precise ocalization of the catabolic site 1Q , Duncan ^ win 19 £ g) mus muUt [ 0Q of me 

These residues are highly conserved in both human and ** u u *u a 1 . c ,. 

. . 4 /v- * 1 tn n a ^ L , rs site should neither affect complement fixation nor binding to 

murine IgG isotypes (Kim et al., 1994a; Table I), suggesting FcyRi anc j RH| 

that the catabolic sites of human and murine IgGs an: the ^ and Qther Murm<; 

same. The ^effects of ^ double mutant ^Q-310 His310 Murine ^ has ^ ^ ^ havc a fflore 

to Ala and Gln311 to Asn; HN-433, His433 to Ala and ., , . , , . , ~, ~ „ . . r , 

. .,. , x ,. ,. . . , ,. . lS^clearance rate than IgGl, IgG2a and IgG3 (Pollock et al., 

Asn434 to Gin), rather than angle mutations al these mo) ^ is - d D{x diffcrcaccs for the residucs at 

positions, and a single mutation (Ile253 to Ala253) on ^ CH2 . CH3 domain ^ have been (0 be 

catabolism and intestinal transfer havc been characterized . • t . „..«u~r •* • j- t . , . 

/T/ . , ^^-^ T _. . v , , important in building the catabohc site indicate that in 

(Kim et a., 1994a; Kim eta .,1994b). In a more recent study T „. „• „. fT T ^ n , T 

)xm j » 1 Von-T\*u . r 4 r ii- tin* IgG2b, His433, His433, His436 of IgGl, IgG2a and IgG3 

(Medesan et al., 1997) the effects of mutation of His310 to „ ° u„ t tv„ai< -£,-aia •« i„r>ou nZut 

\, it- ^ ai »t- . *i a*, it- ..^ . 20xare replaced by Lys433, Tyr435 and Tyr436 in IgG2b (Table 

Ala310, His435 lo Ala435, His436 to Ala430, His433 to ^ in- . r .u rrr 

V, .iX \ JV* Yt XI Y* < \. " ' , ' I)- These sequences differences may account for the diHer- 

Ala433, Asn434 to Ala434 or Gln434 have been analyzed. , . , . f . KI . 

' r ences in clearance rates and neonatal transfer (McNabb et 

al, 1976; Guyer et al, 1976) that have been observed. In this 

TABLE I respect, Scharff and colleagues (Pollock et al., 1990) have 



Sequel of murine and human IgGs 25-shown that sequence differences in the CH3 domain of 

in the region of the catabolic site IgG2a and IgG 2b are responsible for the faster clearance rate 

of IgG2b relative to IgG2a, but have not identified the 
252-254 308-312 433-436** residues involved. In addition, murine IgG2b is not trans- 

ferred across neonatal intestine as efficiently as murine IgGl 
30^(Guyer et al., 1976). The sequence differences in the CH3 
region of the murine isotypes (Table I) provide an ideal 
system to analyze the role of position 433, 435 and 436 in 
controlling catabolism and transcytosis. The conversion of 
his 433 to a la 433, tyrosine (tyr) 435 to his 435 and tyr 436 
35^to his 436 in an IgG2b molecule results in a mutated IgG2b 



mlgGt* 


TTT 


IMHQD 


HNHH 


mlgG2a 


MIS 


IQHQD 


HNHH 


m[gG2b 


MIS 


IQHQD 


KNYY 


mtgG3 


MIS 


IQHQD 


HNHH 


hlgGr 


MIS 


VLHQD 


HNHY 


hlg02 


MIS 


WHQD 


HNHY 


hIgG3 


MIS 


VLHQD 


HNRF 


MgG4 


MIS 


VLHQD 


HNHY 



-mlgOl- murine IgGl, *hIgG + human IgGl tDat haS lhc ***** iu vW ° half Ufc ^ mUfinC 'S 01 * 

"His 433 and Asn 434 as a double mutant had an effect, but as single Furthermore, the faster clearance rate of human IgG3 rela- 

mutations, his 433 to ala 433 and asn 436 to ala 436, no effect was tlVC to IgGl, IgG2 and IgG4 further indicates that residue 

obsenxd (Medesan et ol., 1907). Residues that were mutated and found to 435 (Table I) is involved in regulating semm IgG levels, 
affect clearance rate (Kim et al., 1994a) are underlined ^JPosabl* Mechanism of IgG Catabolism 

Mutation of His435 lo Ala435 has a drastic effect on both- The maintenance of serum IgG concentrations at a fairly 

catabolism and transcytosis, whereas mutation of His436 to constant level is of importance for effective immunity. 

Ala436 has a lesser effect (Medesan et al., 1997). Mutation Moreover, abnormally high (hypergammaglobulinemia) or 

of only His310 to Ala310 has the same effect as mutating low (hypogammaglobulinemia) serum IgG levels result in 
both His310 to Ala310 and Gln311 to Asn311, suggesting r45^clinical symptoms. To be effective, the homeostatic mecha- 

thai Glu311 is not involved in the Fc:FcRn interaction. nism that both senses and regulates serum IgG levels must 

Individual mutation of His433 to Ala and Asn434 to Ala/Gin be able to deal with continuous and variable production of 

has no effect on binding to FcRn catabolism or transcytosis IgG molecules by the B cells of the organism. How such 

whereas in earlier studies (Kim et al., 1994a; 1994c) it was homeastasis is brought about is as yet unclear, and several 
noted that double mutation of His433,Asn434 did have a-50- mechanisms have been proposed to account for the control 

moderate effect. This variation is due to the perturbatiun of of IgG levels in the serum (Brambell et al., 1964; Brambell, 

adjacent critical residues such as His435 by the double 1966; Ghetie et al., 1981). Clearly, any model must invoke 

mutation (whereas single mutations arc less perturbing) a feedback system that is both sensitive and responsive to 

rather (han direct involvement of 433 and 434 in the changes in serum IgG levels. 

Fc:FcRn interaction. —55 -^-Brambell and colleagues (Brambell et al., 1964; 

Other residues in addition to Tur252, Thr254, Thr256, Brambell, 1966) have proposed that a limited number of 

Met309 and Asn3l5 that might be useful targets for cellular receptors (designated FcRc in this proposal) bind to 

mutagenesis arc Gln311, His433 and Asn434. Furthermore, and protect lie IgG molecules from degradation. The bound 

data disclosed herein indicate that it is not valid to say that and internalized IgG molecule is protected from proteolysis 
Gln311, His433 or Asn434 constitute the catabolic site,-60'~and subsequently released back into the intravascular pool, 

although double mutation of His433 and Asn434 does have whilst the IgG molecules that are internalized without bound 

an effect on catabolism. receptors are degraded. Thus, the cells that are responsible 

Removal of the carbohydrate residues from the CH2 for IgG breakdown are paradoxically also proposed to be 

domain has a minor or no effect on the in vivo half life of involved in protection of IgGs against breakdown (Brambell 

IcGs, and the extent of this effect is dependent on the isotype-65 et al., 1964; Brambell, 1966). The receptors are saturable, 

(Nose and Wigzell, 1983; Tao and Morrison, 1989; and consistent with this model in hypergammaglobulinemic 

Wawrzynczak et al., 1989). The region of the Fc that is individuals, intravascular IgG is degraded much more rap- 
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idly than in hypogammaglobulinemia. This concentration binds IgG at pH 6-6.5 (the pH of the intestinal lumen) and 

dependence of catabolic rates is called the concentration- the IgG-FcRn complexes are transported across the cell to 

catabolism phenomena. The receptor model also fits with the basolateral surface where exocytosis occurs into the 

recent data which shows that mutation of specific residues at bloodstream of the newborn rodent. Association of IgG with 

the CH2-CH3 interface of the IgGl molecule results in rapid 5 FcRn as it trafficks through the cell is postulated to protect 

intravascular clearance (Kim et al. f 1994a), suggesting that the IgG molecule from lysosomal degradation. The pH of 

the mutations have resulted in loss of recognition by the ^ plasma < 7 4 ) results ^ reiease of the bound lgG imo the 

^protective' receptors. circulation. Analyses of the binding of FcRn to IgG (or Fc) 

The: Site of ImmunoglobuUn Clearance show a pH dependence that is consistent with this model, 

TTie site<s) at which IgGs axe catabolized ^and the pro- JQ ^ ^ R ^ ^ ^ ({[ } 

teases involved have yet to be characterized. Both liver and .... "* „ - . /n a u ™ « jn 

gastrointestinal tract have been shown to play a role in the , a f P H 7 4 (R«tew»W, i 97 6; Wallace and Rees, 

catabolism of IgG (Covell et al., 1986; Hopf et al., 1976; 1980). Usm £ re ^° mbinant * c fragments, it has been shown 

Dobrc and Ghctic, 1979) but neither organ, however, has mat munnc FcRn mtcracts ™ th a rc &°* of munnc I S G1 

been demonstrated to be the major site of catabolism. molecule that overlaps with that involved m catabolism 

Therefore the possibility of diffuse catabolism throughout 15 control and encompasses Ile253, His310, Gln311, His433 

the body must be considered (Waldmann and Strober, 1969). and Asn434 (Kim el al, 1994b). More recent data have 

Such diffuse catabolism could occur in the endothelial shown the involvement of His435 and His436 f and also that 

system throughout the body since the cells of this system are His433 and Asn434 (if mutated individually and not as 

in close contact with the intravascular pool and IgG con- double mutations), do not play a role in interacting with 

stantly traverses the endothelial cells to enter the extravas- 20 FcRn (Medesan et al., 1997). In addition, single mutation of 

cular space. Recent data support the notion of diffuse His310 to Ala310 has the same effect as double mutation of 

catabolism with possible involvement of endothelial cells. His310 to Ala310 and Gln311 to Asn311, indicating that 

Transfer of IgG Across Membranes (Transcytosis) Gln311 does not interact with FcRn (Medesan et al., 1997). 

Intestinal Transfer in Newborns Similar conclusions have been drawn for rat FcRn from the 

The mechanisms involved in transfer of passive immunity 25 x-ray crystallographic data and in vitro binding studies of 

from the mother to young (fetus/newborn) may share simi- Bjorkmau and colleagues (Burmeister et al., 1994a; Bur- 

larities with that involved in the control of catabolism as meister et al., 1994b; Raghavan et al., 1994). Furthermore, 

proposed by Brambcll (1966) and supported by recent data. for intestinal transfer, data demonstrate that two FcRn sites 

In rodents, intestinal transfer of IgG can occur for up to two per Fc are necessary (Kim et al., 1994b), consistent with the 

weeks after birth and is the major route by which suckling 30 report that the stoichiometry of binding of rat FcRn to Fc is 

rodents acquire maternal IgG (reviewed in Morris, 1978; 2:1 (Huber el al., 1993). The involvement of His310, His435 

Jones and Waldmann, 1972). Maternal-fetal transfer of lgGs and His436 of the IgGl molecule in interacting with FcRn 

across the yolk sac is a more minor route of transfer in explains, in part at least, the pH dependence of the FcRn-Fc 

rodents, in contrast to humans where maternal- fetal transfer interaction (Kim et al, 1994b; Raghavan et al., 1993). 

is the only route. 35 Transfer Across Murine Yolk Sac (Maternal-fetal 

An Fc receptor (FcRn) has been implicated in transfer of Transfer) 
IgG from the colostrum or milk into the bloodstream of Murine FcRn is expressed at high levels in both neonatal 
newborn rats and mice (Brambcll, 1966; Rodcwald, 1976). intestine and yolk sac (Ahousc ct al M 1993), and an FcR that 
Consistent with its* role in neonates, the receptor FcRn is not is structurally similar to FcRn has also been isolated from rat 
expressed in the duodenum of adult rodents. Binding studies 40 yolk sac (Roberts et al., 1993). These data, together with in 
(Wallace and Rees, 1980; Rodewald el al., 1983) of isolated vivo studies disclosed herein strongly suggest that maternal- 
rat brush borders show that there are two classes of Fc fetal and intestinal transport are carried out by FcRn, 
receptors of differing affinities, and data indicate thai the although the cellular location for IgG binding to FcRn 
higher affinity FcR is involved in transcytosis (Hobbs et al., appears to differ in the two processes (Roberts et al., 1993). 
1987; Rodewald and Kraehenbuhl, 1984 ). FcRn has been 45 In rats, the yolk sac FcR is located in vesicles in the apical 
isolated from duodenal epithelial brush borders of suckling and basolateral cytoplasm, and not on the lumenal surface of 
rates (Rodewald and Kraehenbuhl, 1984; Simister and Rees, the yolk sac endodermal cells (Roberts et al., 1993). The 
1985) and the corresponding genes cloned (Simister and difference in location is believed to be necessary because the 
Mostov, 1989a; Simister and Mostov, 1989b). This Fc pH of the lumen surrounding the yolk sac Is slightly basic 
receptor comprises a beterodimer of two polypeptides of 51 50 (Roberts et al., 1993), and the affinity of binding of FcRn to 
kDa and 14 kDa. Interestingly, the 14 kDa component is IgG is low at this pH (Hobbs et al., 1987; Rodewald and 
p2-microglobulin and the 51 kDa component is homologu- Kraehenbuhl, 1984); thus, it has been suggested that mater- 
ous to the heavy chain of Class I MHC proteins. The protein nal IgG is taken up by the yolk sac cells in a non-specific 
can be expressed in high yields in recombinant form and has endocytotic step and then binds lo FcRn in a slightly acidic 
recently been analyzed by x-ray crystallography (Burmeister 55 endosomal compartment. Delivery of IgG into the fetal 
et al., 1994a; Burmeister et al., 1994b). The gene encoding circulation is then proposed to occur in a similar way to that 
murine FcRn has been isolated and shown to be highly of intestinal transcytosis (Roberts el al., 1993). Similarly, 
homologous to that of rats (Ahousc ct al., 1993). with respect to the control of IgG catabolism, IgGs may be 
Interestingly, both rat and murine FcRn aLso share homology taken up by the 'catabolic' celLs in a non-specific endocytotic 
with a recently isolated Fc receptor derived from human 60 step and subsequently bind to FcRn in an endosomal com- 
placenta that is most likely involved in maternal-fetal trans- partmenl. 

fer (Story et al., 1994). Thus, the available data indicate that Interrelationship Between IgG Transcytosis and Control of 

IgG transcytosis in rats, mice and humans are carried out by Catabolism 

similar receptors and as a consequence share a common Data (Kim et al., 1994a; Kim et al., 1994b) suggest that, 

mechanism. 65 as originally proposed by Brambcll and colleagues (1966; 

The proposed mechanism of trans-intestinal transport is Brambcll, 1966), the Fc receptors involved in catabolism 

that FcRn on the lumenal side of intestinal epithelial cells control, maternal-fetal transfer and intestinal transfer bind to 
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Ihe same site of murine IgGl and are closely related, if not provide a clear means by which the biological half life of an 

the same. In support of this hypothesis, expression analysis antibody or antibody-based molecule or conjugate may be 

indicates that, in addition to high level expression of FcRn shortened. It also provides a means by which the longevity 

in murine yolk sac and neonatal intestine, FcRn is ubiqui- of a particular antibody may be increased if desired, by 

tously expressed at lower levels in murine heart, lung, liver, 5 re-inserting residues such as ile253, his310, his435 and 

spleen and endothelial cells lines but not in T nor B his436, should any such residues be found to be different in 

lymphocytes. a particular antibody, e.g. lgG2b. Also random, mutagenesis 

It is expected that maternal transfer of passive immunity of residues flanking these key amino acids, followed by 
to infants will be improved if the affinity of the Fc:FcRn selection, may yield an Fc fragment with increased half life, 
interaction is increased and serum persistence is lengthened. 10 Although the mechanisms involved in the catabolism of 
For enhanced serum persistence and maternal -fetal transfer IgG molecules have still to be completely elucidated, the 
of a therapeutic IgG,. it is preferable to endow that lgG with data presented herein support the concept that SpA-like 
a higher affinity for binding to the Fc receptors that are 'protective' receptors bind to the CH2-CH3 domain inter- 
involved in the processes. As a result, the higher affinity face on IgGs and protect them from degradation. The 
IgGs should be able to out-compete the high concentrations 15 engineered Fc-hinge fragments which form these aspects of 
of endogeneous IgGs (5 mg/ml in mice and 10 mg/ml in the present invention are envisioned to be useful reagents in 
humans). a variety of embodiments. For example, they may be 
D: Engineered Antibody Domains with Extended In Vivo employed in the isolation the putative receptor, which is 
Half Lives most likely FcRn, and in further delineating the sites and 

The mechanisms involved in regulating the in vivo 20 mechanism of IgG catabolism. 

catabolism of IgG molecules are currently not well The recombinant Fc-hinge fragments may also be useful 

understood, although the Fc region is believed to contain for the preparation and delivery of immunotoxins where it is 

sequences that arc important for scrum persistence of IgG desirable to modulate the persistence of an immunotoxin in 

(Spiegelberg and Weigle, 1965). As described herein and by an animal. Immunotoxins are agents which have an antibody 

Pollock et al. (1990), the CH2 domain and the CH3 domain 25 component linked to another agent, particularly a cytotoxic 

have been shown to influence biological half life of IgGs. or otherwise anlicellular agent, having the ability to kill or 

It has been observed that Staphylococcal protein A (SpA)- suppress the growth or cell division of cells. The preparation 

IgG complexes arc cleared more rapidly from scrum than of immunotoxins is generally well known in the art (sec, 

uncomplexed IgG molecules (Dima et al., 1983). Resulis e.g., U.S. Pat. No. 4,340,535, incorporated herein by 

from X-ray crystallography studies have indicated that resi- 30 reference), 

dues in the Fc-hinge region are involved in SpA binding E: FcRn 

(Deisenhofer, 1981). These distinct lines of information Despite the central role that gamma-globulin (IgG) plays 
prompted the present inventors to mutate residues at the in immunity, little is known about the molecular mccha- 
CH2-CH3 domain interface of the (above-described) recom- nisms and dynamics by which remarkably constant IgG 
binant Fc-hinge fragment derived from the murine IgGl 35 levels are maintained in the serum. Understanding the pro- 
molecule and to investigate the catabolism of the resultant cesses that maintain IgG homeostasis al the molecular level 
mutants. is of relevance to the treatment of IgG deficiencies and the 

Using this approach, several amino acid residues of the effective delivery of therapeutic antibodies. Functional stud- 
CHI domain, Ile-253 and His-310 (and double mutation of ies in neonatal mice indicate that the same amino acids of 
His310, Gln-311 to Ala310, Asn311), and of the CH3 40 murine IgGl (mlgGl) that regulate IgG catabolism, Fc 
domain (the double mutation of His-433-Asn-434, single residues Ile253, His310, His433, Asn434, His435 and His 
mutations of His433 and Asn434, and the single mutations 436, where His433 and Asn434 are a double mutation, are 
of His 435 and His 436) were changed by in vitro mutagen- also involved in binding to the MI IC Class I homologue, 
esis. The mutant proteins were then purified from recombi- FcRn, and this is consistent with the X-ray crystallographic 
nam E. coli cells and the pharmacokinetic parameters mea- 45 structure of a rat FcRn: Fc complex (Burmeister et al., 
sured in mice. The results from such studies demonstrate 1994a, b). Rodent FcRn has been implicated in passive 
that amino acid residues from the CH2 domain, and those transfer of IgGs from mother to young primarily via neo- 
from the CI 13 domain, arc directly involved in the catabo- natal transcytosis (Rodcwald and Krachenbuhl, 1984; Simis- 
lismof mouse IgGl . Thus, the site of the IgGl molecule that ter and Rees, 1985), and comprises a 45-50 kDa a-chain 
controls catabolism is located at the CH2-CH3 domain 50 associated with (^-microglobulin (f3 2m; Simister and 
interface and is distinct from the lower hinge region that is Moslov, 1989b). The effects of mutation of Ile253, His310, 
involved in binding to Fc receptors (Duncan et al., 1988; His433, Asn434, His435 and His436 on the B physiological 
Lund ct al., 1991). The identification of specific amino acid half life of recombinant Fc-hinge fragments and on neonatal 
residues that are involved in catabolism control supports the traascytosis correlate closely. This suggests that FcRn, or a 
hypothesis that receptor bearing cells may be important in 55 closely related protein, might be the as yet unidentified Fc 
regulating serum IgG levels (Brambell ct al., 1964). receptor that was originally suggested by Brambell and 

The inventors have termed the specific residues of the colleagues to be involved in regulating serum IgG levels 

murine IgGl molecule that they discovered to be involved in (Brambell ct al., 1964). Such Fc receptors were proposed to 

controlling the catabolism of this isotype the 'cataholic maintain IgG homeostasis by binding and releasing IgGs 

control site 1 . Itiis region is distinct from the sites of inter- 60 back into the circulation and when IgG reaches saturating 

action with classical Fc receptors (FcyRI, FcyRII, and concentrations for the receptors, excess IgG is destined for 

FcyRIIl) but overlaps with the SpA binding site. This is, degradation (Brambell et al., 1964). 

therefore, consistent with earlier data that showed that The catabolism of IgG is a diffuse process occurring not 

SpA-immunoglohulin complexes were cleared more rapidly only in specific organs such as liver (Fukumoto and 

than uncomplexed immunoglobulins (Dima et al., 1983). 65 Brandon, 1979) and intestine (Covell et al., 1986), but also 

This data does not rule out the involvement of additional in tissues containing reticuloendothelial components such 

residues of the Fc fragment in catabolism control, but it does as spleen, skin and muscle (Mariani and Strober, 1990). 
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Paradoxically, these cells may also bear the putative Fc 
receptors that recycle IgGs (B ram be 11 et al., 1964). The 
ubiquitous expression of rat FcRo (Simister and Mostov, 
1989a) and a human FcRn homologue (Story et al., 1994) 
outside the cells involved in matemofetal/neonatal transfer 
of IgGs would be consistent with a role in controlling IgG 
levels at sites throughout the body. 

As described in Example 7, the expression of FcRn in 
mouse tissues and cell lines has been analyzed using reverse 
transcriptase (RT)-PCR™. FcRn a-chain mRNA is ubiqui- 
tously distributed in adult tissues/cell types, particularly 
those that are rich in endothelial cells. The pharmacokinetics 
of Fc-hinge fragments in genetically manipulated mice that 
lack FcRn expression (Zijlstra et al., 1990; Koller et al., 
1990) due to disruption of the p2m gene (p2m-/- mice) 
have also been analyzed. The data support the involvement 
of FcRn in regulating IgG catabolism. 

In the study described in Example 7, the analysis of the 
pharmacokinetics of IgGl/Fc fragments in p2m-/- mice 
provides evidence in support of the concept that the p2m 
dependent protein (Zijlstra et al, 1990), FcRn, might be 
involved in maintaining serum IgG levels. The suggested 
implication of FcRn in this role is consistent with the 
ubiquitous expression of FcRn or its homologue in rats 
(Simister and Mostov, 1989a), man (Story et al., 1994) and 
mice (FIG. 4A-FIG. 4C) and, in addition, the close overlap 
between the region of IgG involved in controlling neonatal 
transcytosis, IgG catabolism and binding to recombinant 
FcRn (Kim et al., 1994b; Popov et al., 1996; Medesan et al., 
1997). 

RT-PCR™ analyses demonstrate that FcRn is expressed 
in liver, spleen and lung, but not in clonal B and T cell 
lincs/hybridomas. Further analyses of expression in both 
mouse endothelial cell lines and hepatocytes indicated that 
FcRn is also expressed in these cell types. Quantitative 
PCR™ indicates that the level of expression in these cells is 
substantially lower than that in neonatal brush border, and 
this may account for the lack of detection of mouse FcRn 
a-chain mRNA in tissues other than neonatal brush border 
and yolk sac that was previously reported using Northern 
blotting (Ahouse el al., 1993). Direct binding studies with 
the endothelial cell line SVEC indicate that WT Fc-hinge 
binds at significantly higher levels than the IIQ-310/IIN-433 
mutant. Earlier observations demonstrating that the mutant 
Fc-hinge fragment binds at background levels to isolated 
neonatal brush border (Kim et al., 1994b) and undetectably 
to recombinant FcRn (Popov et al., 1996), suggest that the 
differential binding is mediated by FcRn. The possibility that 
the differential binding is due to interaction with FcgRI, II 
and/or III is made unlikely by reports which demonstrate 
that the interaction site of these receptors on Fc is distal to 
the CH2-CH3 domain interface (Duncan et al., 1988; Can- 
field and Morrison, 1991; Lund ct al., 1991) and, 
furthermore, that aglycosylated Fc fragments are impaired in 
binding to these receptors (Tao and Morrison, 1989; Nose et 
al, 1990). The binding data therefore suggest that FcRn is 
functional in SVEC cells, and is contemplated to be func- 
tional in the other cell types in which FcRn a-chain mRNA 
is expressed. Functional FcRn has also been isolated from 
SVEC cell lysates using murine IgGl (mlgGl) coupled to 
Sepharose. 

The functional significance of the expression of FcRn in 
both endothelial cells and hepatocytes suggests that either or 
both of these cell types might be involved in maintaining 
IgG homeostasis. In this respect, FcRn has been detected by 
immunoprecipitation from rat hepatocytes, and a role in 
mediating the trafficking of IgG into the biliary tract has 



recently been suggested to be of relevance for immunosur- 
veillance at this site (Blumberg et al., 1995). A distinct 
function for bcpaiocytic FcRn, however, might be that this 
protein sequesters bound IgGs from delivery into the bile 

5 and only unbound (excess) IgG is delivered for catabolism 
in the biliary tract. This is consistent with data indicating that 
IgG is delivered via liver cells into the bile for breakdown 
in sheep (Fukumoto and Brandon, 1979). Taken together 
with the earlier data of others (reviewed in Mariani and 

10 Strober, 1990; Zuckier et al., 1989), however, the findings in 
this study support the involvement of both the liver and the 
more diffusely located endothelial cells. 

The pharmacokinetic data demonstrate that mlgGl or WT 
Fc-hinge have abnormally short serum half lives in (32m-/- 

15 mice. These serum half lives are not due to some generalized 
defect in the maintenance of serum Ig levels, as the scrum 
half life of IgA is the same in both p2m+/+ and p2m-/- 
mice. Many studies have indicated that there is an inverse 
correlation between serum IgG concentrations and half lives 

20 of IgG and this is called the concent rati on -catabolism phe- 
nomenon (Waldmann and Strober, 1969; Zuckier et al., 
1989). The rapid elimination of mlgGl/WT Fc-hinge might 
therefore be due to abnormally high levels of endogenous 
serum IgGs in p2m-/- mice. 

25 This is clearly not the case, however, as serum IgG levels 
are abnormally low in p2m-/- mice of both backgrounds, 
and these low serum IgG concentrations are consistent with 
the observations of others (Spriggs ct al., 1992; Israel ct al., 
1995). In contrast, the serum IgA and IgM concentrations, 

30 which are regulated by a mechanism distinct from that 
involved in IgG homeostasis (Strober et al., 1968), are in the 
normal range. 

To date, the role that IgG breakdown rates might have in 
mediating the low serum IgG concentrations in p2m-/- 

35 mice has not been investigated. It has previously been 
suggested that in normal mice, maternal IgG stimulates 
endogenous immunoglobulin synthesis, and lack of maternal 
transfer in p2m-/- mice accounts for the low IgG levels 
(Israel et al., 1995). However, the data in this study show 

40 that although |32m-/- mice of both backgrounds have lower 
IgGl synthesis rales, an additional cause of the low serum 
IgG levels is an increase in catabolic rates. The situation for 
mice of the C57BL/6xl29/01a background is made more 
complex by the observation that even for p2m+/+ animals of 

45 this background, IgG and IgGl levels are abnormally low. 
This is due to a synthesis rate that, unexpectedly, is lower 
than that for p2m-/- mice of this mixed background. Thus, 
independently of the presence or absence of neonatal trans- 
fer of IgGs in mice of the mixed background, the IgGl 

50 synthesis rate is abnormally low and the reasons for this are 
unknown. As a consequence of the low scrum IgG concen- 
trations in p2m+/+ mice of this background, and consistent 
with the conccntration-catabolism phenomenon (Waldmann 
and Strober, 1969; Zuckier et al, 1989), the half lives of 

55 mlgGl and WT Fc-hinge are significantly longer in this 
strain than in P2m+/+ C57BL/6 mice. 

The observations in p2m-/- mice are consistent with a 
model whereby p2m dependent Fc receptors, i.e. FcRn, 
which in normal mice regulate serum IgG leveLs are either 

60 absent or dysfunctional in p2m-/- mice. However, alterna- 
tive explanations cannot be excluded, particularly if loss of 
P2m is more pleiotropic than the currently available data 
indicate. This is made improbable by the presence of an 
apparently normal CD4+CD8- subset (Zijlstra et al., 1990; 

65 Koller et al. t 1990) and the ability of B cells to mount Tcell 
dependent antibody responses (Spriggs et al., 1992; Mozes 
et al., 1993) in p2m-/- mice. Other possibilities, such as 
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either a deficiency in IgG-producing precursor cells or the sequence changes into the DNA. Site -specific mutagenesis 

absence of factors/cytokines produced by CD8+ cells result- allows the production of mutants through the use of specific 

ing in the low serum IgG levels are excluded by the oligonucleotide sequences which encode the DNA sequence 

observations that p2m-/- mice have normal numbers of of the desired mutation, as well as a sufficient number of 

B220+/sIgM cells (Spriggs et al., 1992) and, in Lyt2 knock- 5 adjacent nucleotides, to provide a primer sequence of suf- 

out mice, lack of CD8+ cells does not result in reduced IgG ficient size and sequence complexity to form a stable duplex 

levels (Fung-Leung et al., 1991). In addition, the possibility on both sides of the deletion junction being traversed, 

that a p2m dependent protein similar to FcRn, rather than Typically, a primer of about 17 to 25 nucleotides in length 

FcRn itself, is involved in IgG homeostasis is made unlikely is preferred, with about 5 to 10 residues on both sides of the 

by Southern blotting data indicating that in mice FcRn has 10 junction of the sequence being altered, 

no close homologue (Kandil et al., 1995). However, it is In general, the technique of site-specific mutagenesis is 

conceivable that an unrelated, as yet unidentified, p2m well known in the art. As will be appreciated, the technique 

dependent protein that binds to Fc or IgG at the same site as typically employs a bacteriophage vector that exists in both 

FcRn plays a role in maintaining serum IgG levels. a single stranded and double stranded form. Typical vectors 

The ability of FcRn to bind and mediate the traffic of IgGs 15 useful in site-directed mutagenesis include vectors such as 

across neonatal intestinal and yolk sac cells suggests a the M13 phage or phagmid vectors such as pUC119. These 

mechanism by which FcRn in other tissues might protect phage vectors are commercially available and their use is 

IgGs against degradation by binding and recirculating it into generally well known to those skilled in the art. Double 

the serum. Constant levels of FcRn expression would stranded pi asm ids are also routinely employed in site 

explain how IgG homeostasis is maintained despite variable 20 directed mutagenesis, using the PCR™, which eh'minates 

IgG production by B cells, as once FcRn is saturated, excess the step of generating single stranded DNA. 

IgG would be destined for degradation following endocy- In general, site-directed mutagenesis is performed by first 

totic uptake (Brambell et al., 1964). Concerning the site of obtaining a single-stranded vector, or melting of two strands 

FcRn-IgG complex formation, the pH dependence of this of a double stranded vector which includes within its 

interaction (Rodewald and Kraehenbuhl, 1984; Simister and 25 sequence a DNA sequence encoding the desired protein. An 

Rees, 1985; Gastinel et al., 1992) suggests that for the oligonucleotide primer bearing the desired mutated 

maintenance of serum IgG levels, FcRn would bind to IgG sequence is synthetically prepared. This primer is then 

following uptake by fluid phase endocy tosis into annealed with the single-stranded DNA preparation, and 

intracellular, acidic compartments. This is in contrast to the subjected to DNA polymerizing enzymes such as E. coli 

FcRn-Fc interaction that occurs in the slightly acidic 30 polymerase I Klenow fragment, in order to complete the 

medium at the apical cell surface of jejunal epithelial cells synthesis of the mutation-bearing strand. Thus, a heterodu- 

during transcytosis across the neonatal intestine (Rodewald, plex is formed wherein one strand encodes the original 

1973), but data in support of a similar mechanism for the non-mutated sequence and the second strand bears the 

maternofetal transfer of IgGs in both humans (Leach et al, desired mutation. This heteroduplex vector is then used to 

1990) and rats (Roberts et al., 1990) has been reported. 35 transform appropriate cells, such as E, coli cells, and clones 

In summary, the findings suggest a new role for FcRn that are selected that include recombinant vectors bearing the 

is distinct from previously assigned functions (Rodewald mutated sequence arrangement. 

and Kraehenbuhl, 1984; Simister and Recs, 1985), and this Alternatively, PCR™ directed mutagenesis of double- 
has relevance to understanding the molecular mechanisms stranded DNA can be used by designing oligonucleotide 
that maintain IgG homeostasis. The sequence similarities 40 primers that overlap the site to be mutated. Such mutants 
between rodent FcRn and a recently identified human FcR may be readily prepared by, for example, directly syuthe- 
(Story et al., 1994) suggest that the present discovery will sizing the Fc fragment by application of nucleic acid repro- 
havc implications for the therapy of IgG -related immuno- duction technology, such as the PCR™ technology of U.S. 
deficiencies in humans and also for mediating maternal- fetal Pat. No. 4,603,102 (incorporated herein by reference), 
transfer of therapeutic IgGs across the human placenta. 45 The preparation of sequence variants of the selected gene 
F: Mutagenesis using site-directed mutagenesis is provided as a means of 
In the present invention the mutagenesis of amino acid producing potentially useful species and is not meant to be 
residues can cither be random or site-specific. One may limiting, as there arc other ways in which sequence variants 
choose to make completely random mutations in the protein of genes may be ohtained. For example, recombinant vectors 
or alternatively to only randomly mutate certain residues as 50 encoding the desired gene may be treated with mutagenic 
described in Example 4. One could also change a residue to agents, such as hydroxylamine, to obtain sequence variants, 
any other amino acid residue; however, it is likely that G: Vaccines 

certain residues would be preferred. For example, mutating The present invention contemplates vaccines for use in 
hydrophilic residues that are essential to maintain the both active and passive immunization embodiments. Immu- 
tertiary, or three-dimensional, structure of the protein to 55 nogenic compositions, proposed to be suitable for use as a 
large hydrophobic residues would probably not be desirable vaccine, may be prepared most readily directly from engi- 
since such mutations may destabilize the antibody and not neered antibody Fc fragments, domains and/or peptides 
extend the half life of the molecule. In addition, it would be prepared in a manner disclosed herein. Preferably the anti- 
preferred to mutate exposed residues as they are most likely genie material is extensively dialyzed to remove undesired 
to interact with FcRn. 60 small molecular weight molecules and/or lyophilized for 

Site-specific mutagenesis is a technique useful in the more ready formulation into a desired vehicle, 
preparation of individual proteins or peptides, or biologi- The preparation of vaccines which contain peptide 
cally functional equivalent proteins or peptides, through sequences as active ingredients is generally well understood 
specific mutagenesis of the underlying DNA. The technique in the art, as exemplified by U.S. Pat. Nos. 4,608,151; 
further provides a ready abUity to prepare and test sequence 65 4,601,903; 4,599,231; 4,599,230; 4,596,792; and 4,578,770, 
variants, incorporating one or more of the foregoing all incorporated herein by reference. Typically, such vac- 
considerations, by introducing one or more nucleotide cines are prepared as injectables. Either as liquid solutions 
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or suspensions: solid forms suitable for solution in, or solution, aggregation of the protein in the vaccine by heal 
suspension in, liquid prior to injection may also be prepared. treatment with temperatures ranging between 70° to 101° C. 
The preparation may also be emulsified. The active immu- for 30 second to 2 minute periods respectively. Aggregation 
nogenic ingredient is often mixed with excipients which are by reactivating with pepsin treated (Fab) antibodies to 
pharmaceutically acceptable and compatible with the active 5 albumin, mixture with bacterial cells such as C. parvum or 
ingredient. Suitable excipients are, for example, water, endutoxins or lipopolysaccharide components of gram- 
saline, dextrose, glycerol, ethanol, or the like and combina- negative bacteria, emulsion in physiologically acceptable oil 
tions thereof. In addition, if desired, the vaccine may contain vehicles such as mannidc mono-olcatc (Araccl A) or cmul- 
minor amounts of auxiliary substances such as wetting or sion with 20 percent solution of a perfluorocarbon (Fluosol- 
emulsifying agents, pH buffering agents, or adjuvants which to DA) used as a block substitute may also be employed, 
enhance the effectiveness of the vaccines. In many instances, it will be desirable to have multiple 
Vaccines may be conventionally administered administrations of the vaccine, usually not exceeding six 
parenterally, by injection, for example, either subcutane- vaccinations, more usually not exceeding four vaccinations 
ously or intramuscularly. Additional formulations which are and preferahly one or more, usually at least about three 
suitable for other modes of administration include supposi- 15 vaccinations. The vaccinations will normally be at from two 
lories and, in some cases, oral formulations. For to twelve week intervals, more usually from three to five 
suppositories, traditional binders and carriers may include, week intervals. Periodic boosters at intervals of 1-5 years, 
for example, polyalkalene glycols or triglycerides: such usually three years, will be desirable to maintain protective 
suppositories may be formed from mixtures containing the levels of the antibodies. The course of the immunization 
active ingredient in the range of 0.5% to 10%, preferably 20 may be followed by assays for antibodies for the supernatant 
1-2%. Oral formulations include such normally employed antigens. The assays may be performed by labeling with 
excipients as, for example, pharmaceutical grades of conventional labels, such as radionuclides, enzymes, 
mannitol, lactose, starch, magnesium stearate, sodium fluorcsccrs, and the like. These techniques arc well known 
saccharine, cellulose, magnesium carbonate and the like. and may be found in a wide variety of patents, such as U.S. 
These compositions take the form of solutions, suspensions, 25 Pat. Nos. 3,791,932; 4,174,384 and 3,949,064, as illustrative 
tablets, pills, capsules, sustained release formulations or of these types of assays. 

powders and contain 10-95% of active ingredient, prefer- The following examples are intended to illustrate the 

ably 25-70%. practice of the present invention and are not intended to be 

The proteins may be formulated into the vaccine as limiting. As the invention is demoastrated with a variety of 

neutral or salt forms. Pharmaceutically acceptable salts, 30 immunoglobulin-like domains, including murine antibody 

include the acid addition salts (formed with the free amino Fc-hinge, Fc, CH2-hinge and CH3 domains; and mutant 

groups of the peptide) and those which are formed with domains with increased stability; it will be understood that 

inorganic acids such as, for example, hydrochloric or phos- other proteins or peptides will be adaptable to similar 

phoric acids, or such organic acids as acetic, oxalic, tartaric, constructs as those described herein. Likewise, a variety of 

mandelic, and the like. Salts formed with the free carboxyl 35 tags, linker sequences and leader sequences may be 

groups may also be derived from inorganic bases such as, for employed depending on the particular purification or isola- 

example, sodium, potassium, ammonium, calcium, or ferric tion methods desired to obtain the polypeptide products, 

hydroxides, and such organic bases as isopropylaminc, EXAMPLE 1 

trimethylamine, 2-ethylamino ethanol, histidine, procaine, . 

and the like 40 '^ nc f°U 0Win & example illustrates the production of an 
The vaccines are administered in a manner compatible immunoglobulin Fc-hinge or Fc fragment and Fc-hinge or 
with the dosage formulation, and in such amount as will be Fc denved subfragments in milligram quantities using £. 
therapeutically effective and immunogenic. The quantity to a f D expression host. These results indicate the suit- 
be administered depends on the subject to be treated, abihty of the system for the commercial producuon of large 
including, e.g., the capacity of the individual's immune 45 quantities of recombinant protein, 
system to synthesize antibodies, and the degree of protection Pla ^ d T s J Expressi ° n *?**inRc*tum 
desired. Precise amounts of active ingredient required to be r PCR™ was used to isolate and tailor the genes encoding 
administered depend on the judgment of the practitioner. fragments derived from the murine IgGl immunoglobulin 
However, suitable dosage ranges are of the order of several molecule 9E10 (Honjo et al., 1979; Evan et al, 1985) for 
hundred micrograms active ingredient per vaccination. Suit- 50 ligation into the expression plasmids (FIG. IV To accom- 
able regimes for initial administration and booster shots are P^ h ,0,al * NA wa * extracted from lx 10 9E10 hybn- 
also variable, but are typified bv an initial administration doma » desenbed herein above. cDNA was primed 
followed by subsequent inoculations or other administra- usin S oligonucleotides CH3forBest or CH2forBsl (see 
(inns below; Honjo et al., 1979) for the isolation of either the CH3 

•lne manner of application may be varied widely. Any of 55 domain fra e mcnt 6 cncs or * hc P 12 do ™ k '8** 

the conventional methods for administration of a vaccine are respectively. The genes were then isolated using PCR™ and 

applicable. These are believed to include oral application on tbe P™*™ shown ^ e i ow : £ lis t ted ' ?l^ e Tr . dl v S ^ n ? 

a solid physiologically acceptable base or in a physiologi- sequences represent SEQ ID NO:l through SEQ ID NO:5, 

cally acceptable dispersion, parenterally, by injection or the respectively, 

like. 1 "he dosage of the vaccine will depend on the route of 60 a ) CH3 domain, 

administration and will vary according to the size of the CH3bakNco-5' ATC ACC ATG GCC GGC AGA CCG 

host. AAG GCT CCA CAG 3 'i 

Various methods of achieving adjuvant effect for the CH3forBst-5' TAG A GG TGA CCT TAG CAG GAG 

vaccine includes use of agents such as aluminum hydroxide AGT GGG AGA GGC T 3' 

or phosphate (alum), commonly used as 0.05 to 0.1 percent 65 *>) CH2-hinge, 

solution in phosphate buffered saline, admixture with syn- HingebakNco-5' ATC A CC ATG G CC GTG CCC AGG 

thetic polymers of sugars (Carbopol) used as 0.25 percent GAT TGT GGT TG 3' 
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CH2forBst«.V ATC AGG TGA CCT TGG TTT TGG tion of expressed dimers. The dimers are covalently linked 
AGA TGG TTT T 3* by — S— S— bridges; expression and purification of CH2 

c) Fc fragment, domain without the hinge region resulted in a significant 
CH2bakNco»5' ATC ACC ATG G CC GAA GTA TCA proportion of this protein forming dimers that are non- 

TCT GTC ITC Al'C 3' 5 covalently linked, and in addition, there are no free sulphy- 
CH3forBst; as above dryls as would be expected for an immunoglobulin domain 

d) Fc-hinge fragment, that is correctly folded with intramolecular — S — S — 
HingcbakNco and CH3forBst; both as above bridges. This suggests that in the CH2-hinge fragments, the 
A typical PCR™ comprised: 3 units Promega Taq — s — S— bridges are formed between cysteine residues 

polymerase, 10 /d Promega buffer, 10 ml 0.2 mM dNTP to located in the hinge region. 

cONA synthesis reaction in a final volume of 100 ml. EXAMPLE 2 

Cycling ; conditions were: 94« C. (0.5 mm), 55° C. (0.5 min), ^ followingexample iUustrates ^ the native sequence 

72° C. (1 mm) for thirty eye es us.ng a Tcchnetemperature iamvooaM ^ Fc . hm and Fe fragmeDls> purifi ^ fol . 

cycling block. The obgonucleottdes each encode either an , . * . . ,. ° .. , . .f^. . r , ..... , 

Jin tit . •. • j- . jl. j i • i lowing expression in i.coi, have similar m vivo stability to 

Ncol or BstEII restriction site mdicated by underlining, and 15 r , „,...,. . ' 

...... - . .. , ,, . r.u r i the native IgGl antibodv molecule. 

italicized sequences) indicate the regions of the oligonucle- „. . ... , . , L ,. 

.... , . , ,,, . . - lo determine the clearance rates of the immunoglobulin 

otides that anneal to murine IgGl constant region genes . . . , . . 6 .. , 

(Honjo et al.. 1979); which aUows restriction digestion of ^ mentS u ^ reambimmt proteins were radiola- 

the PCR™ products followed by gel purification and liga- beled with I and the levels of serum radiolabel monitored 

tion as NcoI-BstEH fragments into VapelfMis (Ward, 20 as a fanctjon of Ume. The clearance rates were then com- 
1992). The ligated DMA was then transformed into E. coli P ared thos f ° f ' mac ' ™ e l f A (expressed and 
BMH 71-18, as described above. The sequences of the V™** fr ° m a ^ndoma) and the bactenaUy expressed 
inserts of all plasmid constructions were analyzed using the D1 3 F ^ 1 £ragmen ' e al ' 1989) dcnvcd th * 

dideoxvnucleotide method and either Sequenase (USB) for ™°« . D1 -3 a °^ d ^ ^^m^T^ r 7? 

single 'stranded DNA templates and Femtomole kits 25 to be biphasic (FIG. 2A and Fl<^ 2B). The half lives of the 
/ri x c 111 « i i riMA « ™ i »^ <t and B phases are shown in Table II. For the Dl. 3 Fv, 

(Promega) for double stranded DNA templates. 1 : ! .. , „„- . t . 

Thesi antibody fragments can be expressed and secreted ™°°™« c CH2-hmge and CH3 fragment the « phases 
from recombinant E coli cells, and the carboxy-tcrminal ™? *° ra P ld t0 be a <=<*™'«'y determmed (FIG. 2A and 
His fi peptide tags allow purification using Ni 2 *-NTA- ... 

agarose. E. coli BMH 71-18 transformants harboring the 30 From tbe clearance rate data, several conclusions can be 
plasmids shown in FIG. 1 were grown up and induced for drawn - Firsav ' tne recombinant aglycosylated Fc-hinge frag- 
expression as described herein above. The recombinant ^ h&s * e »™> slab |hty 'n vivo as the complete glyco- 
proteins were isolated from the periplasm by osmotic shock svlaIed '801 molecule. The shorter half life of the a phase, 
followed by affinity purification using NP-NTA-agarose. which represents the equilibration phase between the vas- 

The recombinant fragments were purified in yields of 2, 35 culai and extravascular tissue, is shorter for me rwombjnant 
1-1.5, 1 .5-2 and 0.5-1 milligrams per liter of culture for the Fc-hinge fragment due to its smaller size. Secondly, both the 
CH3 domain, CH2-hinge fragment, Fc fragment and CH3 domaul and monomenc CH2-hmge fragment are 
Fc-hinge fragment respectively. The purity of the rccombi- cleared « fales s ' m,lar 10 that of ,ne D1 3 Fv fragment (FIG. 
nant proteins was assessed using SDS gel electrophoresis *^ ™* 

(Laemmli) and staining with Coomassie blue R-250. 40 

CH2-hinge fragments were expressed as a mixture of 1ABLE 11 

dimers and monomers, dimers were separated from mono- n,if Lire of a* 8 Ph,s« of <h. immuoorioboii, FraBm enu 

mcrs using a Scpharose-G75 column (Pharmacia, 

PlSCataway, N.J.). Monomeric CH2-binge fragments were Immunoglobulin (tragment) |i-phase (halt* lite in hours) 

prepared from dimers by reduction (using dithiothreitol) 45 CH2 + Hinee 29 3 x 1 2 

followed by treatment (blockade) of reduced sulfhydryl [cm + Hingc^ 61.6 * ii) .7 

groups with iodoacetamide as described (Kim et al., 1994c). CH3 21.3 * 2 J 

In vitro Analyses Fv 24 - 3 * 35 

Results from HPLC analyses indicated that the CH3 *? Ul f e . lur „ S'S*!^ 

..... i- i. Complete immunoglobulin (IgGl) 89.2*10.6 

domain, be tragment and tc-hinge fragment are all 50 



expressed and purified as homodiineric proteins. For the Fc 

and CH3 domain, the dimers are non -covalently linked, as Recombinant immunoglobulin fragments were purified 

demonstrated by analyses on non-reducing PAGE (FIG.2B). and radiolabeled using cither the Bolton Hunter reagent 

The dimerization of the Fc fragments and CH3 domains is (Amersham, 2000 Ci/mmoj) or Iodogen (Amersham) to a 

presumably stabilized by non-covalent interactions between .55 specific activity of 10 5 -1(V cpm/mg of protein. The com- 

the CH3 fragments, which are closely apposed in the immu- plete IgGl antibody used as a control was purified from 

noglobulin structure (Marquart et al., 1980). For the mammalian cells using standard methodology. The glyco- 

Fc-hingc dimcr, the fragments arc also covalently linked by sylatcd Fc-hingc fragment was derived from this IgGl 

— S — S — bridges between the hinge region cysteines. antibody by papain digestion followed by purification using 

In contrast, analysis of the CH2-hinge fragment using 60 protein A sepharose (Pierce). For the measurement of the 

HPLC indicates that approximately 10% of the protein is half lives, 2-4 BALB/c mice (23-28 gms, female) were 

expressed and purified as a dimer, and the remainder as injected with 0.1 ml of radiolabeled protein (approximately 

monomers. Structural analyses of immunoglobulins indicate 1-50 /*g protein containing 10°-10 7 cpm) in the tail or 

that the CH2 domains in the Fc region of an antibody retro-orbitally, and bled retro-orbital ly at time points from 2 

molecule form few interactions, and presumably the relative 65 mins-72 hours post injection. 'ITie amount of radioactivity 

weakness of these interactions (compared with those present in the blood samples was determined using a Scin- 

betweea CH3 domain, for example) result in a low propor- tillation counter. 
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A high proportion (approximately 90%) of the CH2-hinge 
fragment was expressed and purified in monomeric rather 
than dimeric form, and therefore the possibility remained 
that the determinants of stability are located on the CH2- 
hinge dimer. To determine whether CH2-hinge dimers were 5 
stable in vivo, dimers of the CH2-hinge fragments were 
separated from monomers by size exclusion and radiola- 
beled for use in pharmacokinetic studies as described by 
Kim et al. (1994c); monomers of CH2- hinge dimers were 
generated from the dimers by reduction and alkylations and 10 
these monomers were also radiolabeled and used in phar- 
macokinetic studies. The half life of the p phase of this 
dimer is significantly longer than that of the predominantly 
monomeric CH2-hinge domain. 

These data demonstrate that recombinant aglycosylaled *5 
Fc-binge fragment has a phase that is similar to that of a 
complete glycosylated IgGl immunoglobulin molecule. 
Therefore, the carbohydrate residues do not appear to play 
a major role in stability. In addition (Kim et al., 1995) the 
presence of the hinge results in a slight increase in the half 20 
life. In contrast, both monomeric CH2-hinge and CH3 
fragments arc catabolizcd as rapidly as antibody Fv 
fragments, indicating that the presence of sequences in both 
the CH2 and CH3 domains are necessary for the in vivo 
stability of the recombinant Fc-binge or Fc fragment. 25 
However, a CH2-hinge dimer has a longer half life than a 
CII2-hingc monomer, but consistent with the need for a CI D 
domain the CH2-hinge dimer half life is less than that of 
Fc-hinge. The production of the IgGl Fc-hinge or Fc frag- 
ment in £. coli is envisioned to allow the delineation of the 30 
key residues involved in controlling the catabolism of the 
immunoglobulin molecule in vivo. In light of the present 
work, the production and analysis of human Fc regions in E. 
coli is now possible. It is envisioned that this work will also 
lead to the development of novel tagging and stabilization 35 
methods for use with various recombinant molecules 
employed in animal or human therapeutics. 

EXAMPLE 3 

The following example illustrates the abnormally short 40 
half lives of IgGs in ^-microglobulin deficient mice, and 
demonstrates the expression of FcRn a-chain in adult liver, 
lung, spleen and endothelial cells, with implications for a 
role for FcRn in the maintenance of serum IgG levels. 
Cell lines 45 

The mouse B cell line BCL1/3B3 (Brooks et al., 1983) 
and T cell hybridoma 2B4 (Chien et al., 1984) were used in 
this study. The two endothelial cell lines, mouse pulmonary 
capillary endothelial cells (BIO, D2.PCE) and SV40 trans- 
formed endothelial cells (Kim et al., 1994c) (SVEQ were 50 
derived from lungs of BIO. DBA/2 mice and C3H/HeJ mice, 
respectively. The BIO, D2.PCE cell line was obtained from 
Prof. A. Curtis. The murine hepatoma line, Hcpa 1-6, was 
obtained from the ATCC (1830-CRL). 

Mice Strains 55 

p2m-/- (Kollcr et al., 1990; C57BL/6xl29/01a and 
C57BL/6 background; for the mixed background, 129/Ola 
mice have been backcrosscd at least 2-3 times onto a 
C57BIV6 background and the colony maintained by litter- 
mate crosses) and p2m+/+ [(C57BL/6xl29/01a)F2] mice 60 
were from Jackson Laboratories. p2m+/+ (C57BL'6) mice 
were from the Southwestern Medical Center Animal 
Resources Center. 
RT-PCR™ Analyses 

Lung, liver, hepatocytes, spleen and yolk sac were iso- 65 
lated from adult BALB/c mice and neonatal brush border 
from 12 day old BALB/c mice. For the isolation of 
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hepatocytes, a method described previously for the isolation 
of rat hepatocytes was used (Quistorff et al., 1993). This 
resulted in a population of cells that was greater than 95% 
hepatocytes. RNA was extracted from tissues/cell lines and 
cDNA synthesis primed with primer B; complementary to 
bases 1075-1 095 of the coding strand of the FcRn a-chain 
(Ahouse et al., 1993) with 13 bases appended to 'add-on* a 
restriction site using previously described methods (Kim et 
al., 1994a). Aliquots of the cDNA syntheses were used in the 
PCR™ with either primers A (SEQ ID NO:6) and B or 
primers B and C. Primer A (SEQ ID NO:6) and C match 
bases 640-656 and 964-996 of the coding strand of the 
FcRn a-chain gene (Ahouse et al., 1993), respectively. 
Primer C has 12bases appended to 'add-on' a restriction site. 
The expected sizes of the RT-PCR™ products are 469 bp 
(primers A (SEQ ID NO:6) and B) and 157 bp (primers B 
and Q. 

As controls for the RT-PCRs™, p-actin primers (bases 
352-368 of the mouse p-actin coding sequence and comple- 
mentary to bases 781-787 of the p-actin coding sequence) 
were used in cDNA syntheses and PCRS™. Southern blot- 
ting (Sambrook et al., 1989) was carried out using a 32 P- 
labcled SacI-BstEII fragment derived from the cloned FcRn 
a-chain (bases 688-1028) as probe. 
Isolation and Nucleotide Sequencing of the Complete FcRn 
a-chain Gene from Endothelial Cells 

The gene encoding the entire FcRn a-chain was isolated 
as two overlapping clones, as follows. Total RNA was 
isolated from endothelial cell lines and the gene segment 
encoding the extracellular domains (including leader 
peptide) was isolated by RT-PCR™ using primers that 
matched bases 1-24 and were complementary to bases 
841-870 of the coding sequence of FcRn (Ahouse ct al., 
1993). This gene, derived from D10,D2.PCE cells, has been 
used to construct a plasmid for the expression of soluble 
FcRn in insect cells (Popov el al, 1996). The segment 
encoding bases 640-1095 (including the transmembrane 
region and cytoplasmic tail) was isolated using RT-PCR™ 
and primers A (SEQ ID NO:6) and B. PCR™ products were 
cloned into pGEM-T (Promega) and then recloned as Sphl- 
Sall fragments in both orientations into pUC118/pUC 119. 
ssDNA was isolated from resulting clones and sequenced 
using the didcoxynuclcotidc method (Sanger ct al., 1977) 
and Sequenase® (USB Biochemicals). For each fragment, 
several independent PCR™ isolates were analyzed. 
Quantitative PCR™ 

Essentially the methodology of Scheuermann and Bauer 
was used (Scheuermann and Bauer, 1993). A gene segment 
encoding the carboxy terminal region of FcRn plus the 3' 
untranslated region (Ahouse et al., 1993) was isolated using 
the PCR™ and the primers 5' TCT GGC TCC TCC GTG CT 
3* (SEQ ID NO:6) (bases 640-656 of FcRn coding 
sequence) and 5' ATC ATC TAG AT T TTT TTG TTG GGG 
CCA AAT TTA TG3\ (SEQ ID NO:7) (Xbal site shown 
underlined, and sequence that is complementary to poly A 
tail and upstream region italicized). The PCR™ product was 
then restricted with Xbal (encoded in primer) and Ncol 
(internal sites in FcRn coding sequence and FcRn untrans- 
lated 3* tail) to generate an Ncol fragment (bases 992-1 199) 
and an Ncol-Xbal fragment (bases 120O-1285). These two 
fragments were used with a pUC119 derivative containing 
sequences encoding bases 640-1095 to assemble a gene 
encoding bases 640-1095 of FcRn coding sequence plus 3 ! 
untranslated region i.e., bases 640-1285. This construct was 
restricted at a unique BstEll site (bases 1021-1027 of FcRn) 
and a 100 bp * filler* fragment inserted prior to recloning into 
pSP64 (Promega). Poly A+ RNA was synthesized using the 
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Rihoprobe system II (Promega) and poly A+ RNA purified where V«volume of blood (taken as 2 ml for all mice) and 

using oligo dT cellulose. This RNA (FcRn poly A) was used IV-% intravascular 

as an internal standard in the quantitative PCRS™. IgGl (taken as 50% for all mice). 

Total RNA was extracted from cell lines as described FcRn a-chain mRNA Expression 

previously (Kim et al. t 1994a) or using RNeasy total RNA 5 Data disclosed herein suggested that FcRn might be 

kits from Qiagen (Chatsworth, Calif.). cDNA synthesis involved in regulating serum IgG levels. As the site of IgG 

reactions were carried out using 0.8-2.2 RNA (kept calabolism has not yet been unequivocally, determined 

constant for each cell line) plus lOMO 8 FcRn poly A (Mariani and Strober, 1990), the expression of FcRn a-chain 

molecules (varied within this range) and the poly A primer ^ a variety of mouse tissues and cell lines was analyzed 

described above. 10 us in g RT-PCRs™ and primers derived from the FcRn 

Aliquots of the cDNA syntheses were used in duplicate a-chain gene (Ahouse et al., 1 993). Southern hybridization 

PCRs™ containing the following primers: was carried out to ensure that the RT-PCRs' rM were specific. 

5 ATC ACC ATG GCC GGT AGG ATG CGC AGC GGT i n addition to yolk sac and neonatal brush border, FcRn 

CTG CCA GCC 3\ SEQ ID NO:8 (italicized bases match a-chain is expressed in hang, liver and spleen, but not at 

bases 967-990 of FcRn coding sequence) and 32-P 15 detectable levels in clonal lymphocyte populations repre- 

labeled 5' ATC AGT CGA CCT TGG AAG TGG GTG ^ n{c ^ by the B cell line BCL1/3B3 (Brooks el al, 1983) and 

GAA AGG CAT T 3', SEQ ID NO:9 (italicized bases are t cell hybridoma 2B4 (Chien et al., 1984). Confirmation of 

complementary to bases 1075-1095 of FcRn). mc identity of the PCR™ products was obtained by nucle- 

One tenth of each PCR™ was analyzed on 4% agarose gels. 0 tide sequencing. 

Bands corresponding to the PCR™ products were excised 2 o The ubiquitous expression of the FcRn a-chain suggested 

and cpm levels were determined by gamma counting mat it might be produced in the endothelial cells within these 

(products derived from FcRn poly A could be distinguished tissues, Thus, RT-PCR™ analyses were carried out using 

from those derived from authentic FcRn transcripts due to ^ mousc endothelial cell lines, B10, D2.PCE and SVEC 

the 100 bp size difference), (O'Connell and Edidin, 1990), using primers specific for the 

Incorporated cpm for standard and test samples were 2 s FcRn a-chain (Ahouse et al, 1993). For both lines, expres- 

plotted against the amount of standard added and the point ^Iod of FcRn a-chain mRNA was observed. Consistent with 

of intersection taken to correspond to equality of amounts of me wor k 0 f others (Ahouse et al., 1993; Kandil et al., 1 995), 

FcRn transcripts and FcRn poly A standard. As it was isolation and sequencing of the gene for the complete coding 

impossible to count single brush border cells, quantitation sequence of FcRn a-chain from SVEC cells demonstrated it 

was expressed as number of transcripts per fig total RNA. 30 had the same sequence as that derived from C3H/HeJ mice 

Radiolabeling of Immunoglobulins (Kandil el al., 1995). This sequence differs from the mouse 

mlgGl, recombinant Fc-hinge fragments and IgA were (FVB/N strain) FcRn gene originally described (Ahouse et 

iodinated using the Iodo-Gen reagent (Amersham) as a } M 1993) al codons 26, 52, 212, 230, 244 and 299, The 

described (Kim et al., 1994a). changes are silent with the exception of a G to A change at 

Binding Studies of Recombinant Fc-hinge Fragments 35 co don 52 (valine to methionine). The sequence of the FcRn 

Confluent layers of SVEC cells were incubated with 0.26 a-chain gene from B10, D2.PCE cells differs from that of 

or 0.4 mg/ml of 123 I-labelcd WT Fc-hinge or HQ-310/HN- the FVB/N strain (Ahouse et al., 1993) at codons 52, 212, 

433 mutant overnight (16-18 hours) at 37° C, washed with 230 and 244, and shares the same sequence as that of SVEC 

medium (complete RPMI, Gibco, Grand Island, N.Y., plus al lnese positions. The B10, D2.PCE gene therefore 

\0% fetal calf serum) and detached by incubation with 5 40 represents a polymorphic variant of FcRn a-chain that has 

mM Na 2 EDTA in 50 mM phosphate buffer, pH 7.5 for 5 nol been described previously. 

minutes. Cells were transferred and radioactivity per 10' The liver has been suggested to be involved in IgG 

cells determined. catabolism (Fukmoto and Brandon, 1979; Mariani and 

Cells were then pelleted and resuspended in 2 ml 2.5 Strober, 1990), and therefore the expression of FcRn in this 

mg/ml CHAPS, 0.1 M Tris-HCl pH 8.0 containing 0.3 45 organ was analyzed further, Hepatocytes were isolated from 

mg/ml PMSt; 25 mg/ml pepstatin and 0.1 mg/ml aprotinin adult mice and analyzed by RT-PCR™, and this yielded a 

and incubated for 30 minutes at room temperature. The PCR™ product of the expected size. As the isolated hepa- 

suspension was centrifuged at 12000 g for 30 minutes and tocytcs were not completely homogenous (less than 5% 

amount of radioactivity in pellets and supernatants deter- contamination with other cells such as KupfTer cells), RNA 

mined. Supernatant values were used to calculate the 50 was extracted from the mouse hepatoma line, Hepa 1-6, and 

amount extracted per 10 7 cells. usc d j u RT-PCR™ analysis. This resulted in the isolation of 

Pharmacokinetic Studies a product of the expected size. The level of expression of 

Pharmacokinetics of iodinated mlgGl, recombinant FcRn in endothelial (SVEC, BIO, D2.PCE) and Ilcpa 1-6 

Fc-hinge fragments and IgA were determined as described ce ll lines was studied using quantitative PCR™, and the 

previously (Kim el al., 1994a). 55 tcRn a-chain expression level is approximately 1000-fold 

Determination of Serum Ig Concentrations i OW er in SVEC, B10, D2.PCE cells and Hepa 1-6 cells than 

The concentration of serum Igs were determined using in neonatal brush border, 

radial immunodiffusion and Bindarid kits (The Binding site Binding Studies 

Ltd., Birmingham, UK). Precipitin ring diameters were Studies were carried out to analyze the binding of wild 

measured electronically. 60 type (WT) and the HQ-310/HN-433 mutant Fc-hinge frag- 

Determinauon of the Synthesis Rate of Murine IgGl mcnts l0 endothelial cells. The HQ-310/HN-433 mutant was 

Synthesis rates (SRs) of IgGl were calculated from the used as it binds at background levels to isolated neonatal 

b-phase half lives (days) and serum concentrations (c, in brush border (Kim et al., 1994a) and at undetectable levels 

mg/ml) using the equation (Mariani and Strober, 1990): t o recombinant soluble FcRn (Popov et al, 1 996) due to 

SR (mg/day/mouse)«(2.77 ^/(T^ 6 5 mutation of His310, Gln311, His433, Asn434 to Ala310, 

and the constant of 2.77 is derived from: (100xln2xV)/ Asn311, Ala433, Gln434. Binding studies with the endot- 

(IV) helial cell line SVEC indicates that in two independent 
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studies the WT Fc-hinge binds at much higher levels than 
the HQ-310/HN-433 mutant (FIG. 3A and FIG. 3B). 
Furthermore, a higher proportion of the bound HQ-310/HN- 
433 is extracted with CHAPS than for the WT Fc-hinge 
fragment, although this was more marked for the first study 
(FIG. 3A and FIG. 3B). 
Pharmacokinetic Analyses in (J2m-/- Mice 

The above data support the concept that the ubiquitously 
expressed FcRn might regulate serum IgG levels. p2m-/- 
mice are known to be deficient in the expression of Class I 
MHC molecules and FcRn (Zijlstra et al., 1990; Koller et al., 
1990), and therefore provide a valuable tool to test this 
hypothesis. In earlier studies using BALB/c mice, the 
HQ-310/HN-433 mutant was found to have a significantly 
shorter p phase half life than the WT Fc-hinge fragment 
(Kim et al., 1994a). These two recombinant Fc-hinge 
fragments, in addition to mlgGl, were therefore radiola- 
beled and their pharmacokinetics compared in (3 2m-/- and 
p2m+/+ mice (C57BL/6xl29/01a and C57BL/6 
backgrounds) (FIG. 4A and FIG. 4B; TABLE III). The p 
phase half lives of all three proteins in the two p2m-/- mice 
strains are not significantly different and are extremely short 
(FIG. 4Aand FIG. 4B; TABLE ID). In contrast, the P phase 
half lives of mlgGl and WT Fc-hinge are substantially 
longer in 02m+/+ mice than that of the HQ-310/HN-433 
mutant, consistent with earlier observations in BALB/c mice 
(Kim et al., 1994a). Unexpectedly, the half lives of mlgGl 
and WT Fc-hinge arc significantly longer in p2m+/+ 
(C57BL/6xi29/01a) than in p2m+/+(C57BL76) mice, and 
further analysis indicated that this is due to the abnormally 
low levels of serum IgGs in these mice. 

To ensure that p2m-/- mice do not have some generalized 
defect in the maintenance of Ig levels, the pharmacokinetics 
of murine IgA were also determined in both p2m-/- and 
f$2m+/+ mice (FIG. 4Aand FIG. 4B; TABLE III). There is 
no significant difference in clearance rates and the IgA p 
phase half lives are typical of those observed in other 
P2m+/+ strains (TABLE III and Waldmann and Strobcr, 
1969; Vieira and Rajewsky, 1988). 
Analysis of Serum Ig Levels 

Determination of serum IgG levels in P2m-/- mice of 
both backgrounds indicated that they are abnormally low 
(TABLE IV), consistent with the observations of others 
(Spriggs et al., 1992; Israel et al., 1995). In addition, for 
P2m+/+ mice of the C57B176xl29/01a background, serum 
IgG levels are lower than those of C57BL/6 P2m+/+ mice. 
The concentrations of IgA and IgM have also been analyzed 
for both p2m+/+ and P2m-/- mice and their levels arc in the 
normal range (Goding, 1983). Based on the pharmacokinet- 
ics and serum IgG 1 concentrations, the synthetic rates of 
IgGl can also be determined (TABLE V) and these data are 
discussed more fully below. 

TABLE III 

0 Phase Half Lives. of Igs and Kc-Hinge Fragments in 
62m and B2m +/» Mice 



ft Phase Half Life fHours-l 



Strain 
of Mice 



mlgGl 



IgA 



WTFc* 



HQ-310/ 
HN-433 



02m-/- 17.6 ± 0.7 (Sf 24.0 ± 12.6*0.7(4) 



14.8 i 



(C57BI./6) 0.K (3) 

02m -'- 21.2 s 0.9 (3) 25.0 * 

(mixed)' 2.2 (4) 

02m +/+ 97.7 ± 5.6 (3) 21 J * 

(C57BU6) 0.7 (3) 



0.6 (3) 

12.8 * 1.5 (5 13.7 £ 

1.7 (6) 

76.9 ± 3,6 (41 14.3 * 

0.5(4) 



25 



60 



65 
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TABLE Ill-continued 



0 Phase Half Lives of Igs and Fc-Hingc Fragments in 
B2m -/- and B2m +/+ Mice 



0 Phase Half Life (Hourst 



Strain 
of Mice 



mlgGl 



IgA 



WT Kc' 



HQ-3K1; 
HN-433 



10 02M +fr 199.5 r 30.8 (3) 27.0 * 
(mixed) 1.2 (3) 



154.3 * 30.8 (4) 15.2 x 
1.1(3) 



"Wild type Fc-hinge fragment. 
^Number of mice used in parentheses. 
c C57BL/6 yc 129/Ola background. 



15 



20 



TABLE IV 



Scrum IgG, IgGl, IgA and IgM Concentrations in 
B2m -/- ond B2m W+ Mice 



Concentration (mg/ml) 



Strain of Mice 



IgG 



IgGl 



IgA 



IgM 



30 



02m -/- 0.30 * 0.05 * 0.58 x 

(C57BL/6) 0.05(9)* 0.01(9) 0.16(9) 

02m -/- (mixed)** 1.22 * 0.07 ± 1.46 * 

0.35 (19) 0.03 (19) 0.68 (19) 

02m +/+ 7.80* 1.39 ± 127 ± 

(C57BL/6) 1.22 (14) 0.33(14) 0.48(14) 

02m +/+ (mixed) 1.52 * 0.25 ± ND 

0.29 (13) 0.10 (13) 



0.12 * 0.02 (9) 
035 ±0.10 (19) 
024 ±0.11 (14) 
ND 



•Number of mice used in parentheses. 
b C57BU6 x 129/Ola background. 



35 



40 



TABLE V 



Synthesis Rates of IgG 2 in 02m-/- and 02m+/+ Mice 



Strain of Mice 



Synthesis Rate 
(mg/day/mouse) 



02m-/- (C57BL/6) 
02m-/- (mixed)' 
02m+/+ (C57BL/6) 
02m+/+ (mixed) 



0.189 
0.220 
0.946 
0.083 



•C57BU6 x 120/Ota background. 



45 



EXAMPLE 4 



The following example illustrates the increased half life 
and serum persistence of an IgG fragment produced by 
50 random mutagenesis of amino acid residues proximal to the 
FcRn-IgG interaction site. The results provide support for 
the involvement of FcRn in the homeostasis of serum IgGs 
in mice and also demonstrate a method for increasing the 
half life of immunoglobulin fragments. The indications that 
55 a homologous FcRn regulates IgG levels in humans indi- 
cates that this approach has implications for increasing the 
serum persistence of therapeutic antibodies. 
Construction of Library of Fc-hingc Mutants 

The wild type (WT) Fc-hinge gene (Kim et al., 1994a) 
was used as a template in splicing by overlap extension 
(Horton et al., 1989) with the following oligonucleotides: 
HingebakNco (Kim et al., 1994a), 5* ATC ACC ATG G CC 
GTG CCC AGG GAT TGT GGT TG3", SEQ ID NO:3, 
(Ncol site indicated by underlining); 252 for, 5' CAA CAC 
ACG I GA CCT TAG CSN NCA GSN NAATSN NGA GC 
3*. SEQ ID NO: 10, (N-T,C,G or A and S-A,G or C; S was 
inserted in complement at the wobble position to minimize 
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the generation of stop codons); 252bak 5' GTC ACQ TGT 6.0) than WT Fc-hinge were examined further as purified 
GTTG3*. SEO 10 NO: 11; Xmafor. 5* GCT CCr CCC GGG proteins. The binding of purified Fc-hinge fragments at 
GTT GCG T 3\ SEO ID NO: 12 (Xmal site indicated by concentrations ranging from 100-300 nM to immobilized 
underlining). The PCR™ product was digested with Xmal FcRn were analyzed using a flow-rate of 40/d/min. Fc-hinge 

and Ncol and used to replace the corresponding segment of 5 fragments were also flowed over an uncoated CM5 chip, and 
the WT Fc-hinge gene (Ncol site in pelB leader and Xmal me sensorgrams from these analyses subtracted from those 
at position 211 of Fc-hinge) in pHENl (Hoogenboom et al., obtained with FcRn-coupled chips using BIA evaluation 2.1 
1991). A library size of 20,000 clones was generated by soft^. For 0Q . and off . ratc calculations, the same soft- 
electroporation of £. coli TGI as described (Marks et al., ware was ^ lQ fit ^ lQ ^ ^^ns r.r^-^- 

Pannin of the I ibra 10 fa0, '~*^ and ^ m ^- M(t "°\ respectively. Fitting of data to 
f. , ' , . . . , more complex dissociation models (for example, for two 
ine library stock was used to generate phage as described x , , • - 

(Marks et al., 1991). Phage (100% of 2xl0 12 p.f.u./ml) were Parallel dissociauon reactions) resulted in ncgatrvc values 

panned using a solution panning approach as follows: phage for k " for ^ mulan ! s ' an f lhis model was therefore not 

were resuspended in 2% milk powder, 20 mM MES (MM is a PP ro P natc - To minimize effects on M due to rcbindmg, 
buffer) pH 6.0 and mixed with 350 ng recombinant soluble earlv P arts ( firsl l0 ~ 15 MCS ) of dissociation plots were used 
FcRn (Popov et al., 1996) for 1 hour at room temperature for analyses. For the WT Fc-hinge, this analysis resulted in 
with agitation. Thirty microliters of a 50% suspension of a hi &* T off-rate than that calculated previously (Popov et 
Ni^-NTA-agarose (Qiagen) in MM buffer, pH 6.0 were then aL, 1996), and is the primary cause of the approximate 

added, incubated for 10 minutes and pelleted by centrifu- 20 4-fold lower affinity observed in this example than that 
galion. Beads were washed 20 times with 0.5 ml MM buffer described earlier. For each Fc-hinge fragment, values of k a 
pH 6.0, and phage were eluted by incubation in 100 p\ and k d were extracted from 3-4 sensorgrams and the average 
phosphate buffered saline, pH 7.4, for 20 minutes at room value calculated. QnJkJ) for each sensorgram were also 
temperature. Phage were used to reinfect exponentially calculated and the average value determined, 

growing £. coli TGI as described (Marks et al., 1991; Ward, 25 Muta g eD esis and Selection 

1995) . Two rounds of panning were carried out. ^ . 

Generation of Osmotic Shock Fractions from Selected resi £« ^J^^f I256 > J? are m cl °? 

Q 0ncs proximity to 1253, SEO ID NO:39 (position 253 corresponds 

Colonies from plates resulting from panning were grown l ° " sidue 18 fa SEQ ID NO:39), solvent exposed and not 

up as 1 ml cultures and induced for Fc-hinge expression as 30 J*"* f 08 ^!? § Gs ( ^ bat et al -. l9 £ ) Were C 1 h . 0Sen 
described (Kim et al.. 1994a). Osmotic shock fractions were f or ™ dom / rcR ™ diret,cd mutagenesui. The recombmaut 
made by resuspension of cell pellets in 15 al chloroform ^ ^J?™'', "T"^ V P 86 

(Ames ct al., 1984) and diluted 10-fold in 50 mM MES. pll ^rary (approx. 20.00C I clones) using the vector pHENl 
6.0, 0.01% Tween, 150 mM Nad. Cell debris was pelleted (Hoogenboom et al., 1991). Tne leakiness of readthrougb of 

by centrifugation and the superaatants used in Surface 35 the «°ber codon results m a mixture of Fc-hmge:gene II 
Plasmon Resonance (SPR) studies. To estimate the amount co " P™'^ jmd soluble Fc-huige fragments being expressed 
of each Fc-hinge fragment in osmotic shock fractions, these and ?ff * bled 45 P ba 6 e delayed Fc-hmge homodimers 
fractions were analysed bv immunoblotting using detection Unkcd to ,h ° S cnc ' CMt P rotcm - ^° rounds of P aDm !* 
with the anti-c-myc antibody as described previously (Ward were " med 01 ? $ L DC " bi ul ? £■ % P re P ara *' ons 

et al 1989) 40 recom b 1Dant » soluble FcRn (polyhistidine tagged) in solu- 

Expression and Purification of Soluble Fc-hinge Fragments ™° A Wed by °i P b ^ Ra ^pjexes using 

The genes encoding mutated Fc-hinge fragments were -NTA-agarose beads. Bound phage were eluted at pH 

rccloned as NcoI-NotI fragments into a modified form of ] A ,0 for Fc * m S c fra 8 ments ^1 retained pll I depen- 
VPpelBhis (Ward, 1992) with an inframe NotI site inserted JS? ° f ^ dm 8 lhat was <=»aractensuc of the w.ld type 

immediately 5' to the codons encoding the polyhistidine tag. 45 ' ' c " & e * 

Recombinant clones were grown, induced for expression Recombinant Fc-hinge fragments from ten of the clones 
and Fc-hinge fragments purified as described previously resulting from the panning were analyzed further as soluble 
(Kim ct al., 1994a). Prior to use in SPR studies, Fc-hingc fragments in osmotic shock fractions off . coli transfectants. 
fragments were further purified by size exclusion on a Using surface plasmon resonance (SPR), five were observed 

Superdex-75 (Pharmacia, Piscataway, NJ.) column if ana- so l() havc a similar or higher affinity for binding to immobi- 
lytical analysis of the preparation on the same column lized FcRn lhaa ^ of me Wl tt-hinge fragment. The 
showed more than one peak at a migration corresponding to S cncs encoding these Fc-hinge fragments were recloned into 
55 kDa. a vector ur i m 311 in-frame C-terminal polyhistidine tag to 

Pharmacokinetic Analyses allow purification of soluble protein on Ni 2 *-NTA-agarose. 

Proteins were radiolabeled with Na 125 I using lodo-Gen 55 Following purification, three Fc-hinge fragments were found 
(Amersham, Arlington Heights, 111.) and pharmacokinetic to have HPLC and SDS-PAGE profiles similar to the WT 
analyses carried out in SWISS (laconic) and BALB/c Fc-hinge (about 55 kDa, comprising a mixture of sulfhydryl 
(Harlan) mice as described previously (Kim ct al, 1994a). linked and noncovalently linked homodimers) and these 
Surface Plasmon Resonance (SPR) Measurements proteins were subsequently analyzed. 

'lliese studies were carried out using a BlAcore 2000 60 l*he amino acid sequences of the three mutants at codon 
(BIAcore Inc.) and methodology similar to that described positions 251-257 are shown in Table VI. The mutants were 
previously for analyzing Fc-FcRn interactions (Popov et al., named according to the amino acids at positions 252, 254 

1996) . Binding activities of Fc-hinge fragments in osmotic and 256 (Table VI). The sequences of the remainder of the 
shock fractions were semi -quantitatively analyzed using corresponding genes were the same as that of the WT 
FcRn coupled to the BIAcore sensor chip (research grade 65 Fc-hinge fragment with the exception of mutant ASA which 
CM5 chip), and clones producing fragments with apparently had a guanosine (G) to adenosine (A) change at codon 272, 
higher affinities (particularly those with lower off- rates at pH resulting in a change of glutamic acid to lysine. This amino 
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add is located in proximity to the hinge region of IgG 
(Dciscnhofcr, 1981) and is therefore unlikely to affect the 
Fc-FcRn interaction. 

TABLE VI 



Amino acid sequences of the mutations and flanking 


region s for the t*c-hinee mutants 




Sequence 


Name 


(251-257) 


ASA 


LAIS LAP* 


VSH 


LVISLHP 


LSF 


LUSLFP 



■Residues resulting from mutagenesis are indicated in hold. 

Pharmacokinetics of the Fc-hinge Fragments 

The Fc-hinge fragments were radioiodinated and their 
pharmacokinetics in SWISS mice analyzed (Table VII: FIG. 
5). Of the three mutants, mutant LSF had a significantly 
longer p-phase half life than either the WT Fc-hinge frag- 
ment or mutants ASA or VSH. The half lives of the latter 
three fragments were not significantly different from each 
other. Pharmacokinetic studies were also carried out in 
BALB/c mice, and again mutant LSF had a significantly 
longer p phase half life than either the WT Fc-hinge or 
mutants ASA and VSH (Table VII). In BALB/c mice, as in 
SWISS mice, the half lives of the latter three fragments were 
not significantly different. 

TABLE VII 
Pharmacokinetics of the WT and mutant Fc-hinge fragments 
SWISS mice BALB/c mice 



15 



30 



35 



Fc-hinge Number 
fragment of Mice 



ft-phasc 
half life 
00* 



B-phase 
Number half life 
of Mice (h)* 



WT 
ASA 
VSH 
LSF 



1235 x 13.3 
116.0 x 19.9 
98.2 x 6.5 
152.3 x 16.0 



92.8 x 12.9 
104.6 x 10.4 
107.1 x 10.8 
152.8 x 12.0 
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"by student t-test the values for WT were not significantly different fiom 
those cf the ASA and VSH mutants, whereas the values for the LSF 
mutant were significantly different (p < 0.003 and p < 0.001 for SWISS 
and BALB/c mice, respectively). 

Surface Plasmon Resonance (SPR) Analyses 

The interaction kinetics of each of the three mutants with 
recombinant, immobilized mouse FcRn were analyzed using 
SPR (Table VIII). All mutants had similar on-rates (kas) to 
that of the WT Fc-hinge fragment. The affinity (KD) differ- 
ences for mutants ASA (4.13 nM) and LSF (2.16 nM) 
compared with WT (7.44 nM) were primarily due to sig- 
nificant differences in off-rates, with ASA and LSF having 
approximately 2- and 4-fold lower kds, respectively (Table 
VIII; FIG. 6A and FIG. 6B). The relative affinities of these 
two mutants were also analyzed using inhibition binding 
studies in which the ability of each Fc-hinge fragment to 
inhibit the binding of radiolabeled, soluble FcRn to murine 
IgGl coupled to Scpbarosc was quantitatcd. Consistent with 
the SPR analyses, the amount of Fc-hinge fragment needed 
for 50% inhibition of binding decreased in the order 
WT>ASA>LSF. 
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TABLE VIII 




SPR analyses of the kinetics of binding of Fc-hingc fragments to FcRn 


Fc-hinge 


kg (M-V 1 )/!^ k, (s-^lO-* 


^(kVyCnM) 


Wild type 
ASA 
VSH 
LSF 


6.20 x 0.19 4.61 x 0.10 
5.01 x 0.17 2.07 x 0.03 
5.38 x 0.14 4.48 x 0.40 
4.72 x 0.20 1.02 x 0.20 


7.44 t 0.19 
4.13 x 0.10 
8.33 x 0.68 
2.16 x 0.36 



10 

Importantly, the mutations had little effect on the charac- 
teristic pH dependence of the Fc-FcRn interaction which is 
believed to be essential for the correct functioning of this Fc 
receptor. The off-rates at pH 7.4 for WT, ASA and VSH 
Fc-hinge fragments were immeasurably fast by SPR. 
However, mutant LSF had a lower off-rate at pH 7.4 than the 
WT, ASA or VSH fragments (FIG. 6A and FIG. 6B), 
although the off-rate of approximately 0.027 s" 1 is still about 
25 fold faster than at pH 6.0 (Table VIII). The retention of 
20 the pH dependent binding was consistent with the suggested 
involvement of H310, H435 and H436, located in loops 
adjacent to the mutated residues, in mediating this property 
(Raghavan ct al., 1995; Mcdcsan ct al., 1997). 

The SPR data indicated that the longer half life of mutant 
25 LSF relative to WT was accounted for by an approximately 
3 5 fold higher affinity for interaction with FcRn, which is 
primarily due to a decrease in off-rate. These data arc 
consistent with the concept that FcRn is saturable (BramheU, 
1964), and that higher affinity Fc fragments have a com- 
petitive advantage with endogenous IgGs for being salvaged 
and recycled rather than degraded. However, the ASA 
mutant had a 1.8 fold higher affinity for FcRn than WT and 
yet did not show a significantly longer in vivo half life, 
suggesting that for significant effects on scrum persistence to 
be observed substantial increases in affinity for FcRn bind- 
ing were required. Alternatively, the mutations in the ASA 
mutant may have resulted in an Fc-hinge fragment that had 
lower stability in the serum, due to enhanced susceptibility 
to attack by serum proteases or to denaruration. 

Analysis of the sequences of the three mutants indicated 
that a number of different residues can be tolerated at 
positions 252, 254 and 256 without being detrimental to 
FcRn binding (mutant VSH) and for mutants ASA and LSF, 
the affinity was even unproved. In this respect, the data 
indicated that for positions 252 and 256, the WT residues 
45 may not make favorable contacts with FcRn as replacement 
of both T252 and T256 with alanine in the ASA mutant 
resulted in an affinity increase, contrasting with the appar- 
ently essential role of 1253 in mediating a high affinity 
Fc-FcRn interaction, as substitution with alanine at this 
50 location resulted in a substantial loss (3000-fold) in affinity 
(Popov et al., 1996). It is envisioned that other residues 
could substitute for 1253 without alteration in FcRn binding 
ability, but 1253 is conserved across all mammalian IgGs 
(Kabat et al., 1991). 
55 There appears to be a selection for amino acids with a 
hydrophobic side chain at position 252, and sequencing of a 
further mutant with FcRn binding activity similar to that of 
the WT Fc-hingc revealed Phc at this position. Interestingly, 
all three mutants had serine at position 254 which is also 
60 present in the majority of naturally occurring IgGs of mouse, 
rat and man (Kabat et al., 1991). The apparent selection of 
mutants with serine at this position suggests that for reten- 
tion of FcRn binding activity, serine is the preferred residue. 
However, the WT Fc-hinge (IgGl) has threonine at this 
65 position and still shows a high affinity Fc-FcRn interaction; 
therefore, it is envisioned that other residues may be present 
at this position and FcRn binding activity will be retained. 
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Analyses of the sequences of the mutants indicated that 
FcRn binding activity was retained with a diverse set of 
amino acids (Ala, His and Phe) at position 256, suggesting 
that this region may not be in close proximity to the Fc-FcRn 
interaction. Residues at this position are, however, highly 
conserved in rodent and human IgGs (serine or threonine in 
about 94% of IgGs analyzed; Kabat et al. t 1991), indicating 
that this amino acid might have an as yet unidentified 
function. It is also possible that the hydrophobic side chain 
of F256 of the LSF mutant made favorable interactions with 
FcRn that could not be made by the less hydrophobic alanine 
or bistidine residues in the ASA and VSH mutants, respec- 
tively. Such interaction would explain the increased affinity 
of the LSF mutant relative to VSH, as these two mutants 
only differed markedly from each other at this position. 

Mutant LSF had a lower oil-rale from FcRn than the WT 
Fc-hinge or mutants ASA and VSH at pH 7.4, although this 
off-rate was significantly faster than that at pH 6.0. This 
lower off-rate implies that the half life of FcRn on the cell 
surface (pH 7.4) is sufficiently long to allow significant 
amounts of this mutant to dissociate into the scrum. In this 
respect the half life of FcRn-LSF mutant complexes at pH 
7.4 is about 26 seconds. 

These data extend the correlation between affinity of an 
Fc-hinge fragment for FcRn and (5 phase half life and further 
support the proposal (Ghetie et al. f 1996; Junghans and 
Anderson, 1996; Israel et al., 1996) that FcRn is directly 
involved in IgG homeostasis. It is envisioned that further 
affinity improvements may be made by targeting other 
regions of the mlgGl molecule, such as those in the surface 
loop containing H310 in the CH2 domain. The observation 
that aglycosylated Fc-hinge fragments have the same half 
life as complete glycosylated IgGl (Kim ct al., 1994a) 
indicates that these data have direct relevance to prolonging 
the serum persistence of intact IgGs. Furthermore, the site 
that has been mutated is distal to the Interaction sites of 
FcyRI, Fc?RII, FcyRIII (Duncan et al., 1988; Sarmay et al., 
1992) and complement Clq (Duncan and Winter, 1988), 
suggesting that the mutations resulting in longer serum 
persistence will not affect either ADCC or complement 
fixation. Finally, the identification of a human homolog of 
mouse FcRn (Story et al., 1994) suggests that these studies 
arc of relevance to the optimization of the pharmacokinetics 
of therapeutic antibodies for the treatment of diseases such 
as cancer and autoimmunity. 

EXAMPLE 5 

In this example, peptides that bind to FcRn with high 
affinity at pH 6 and low affinity at pH 7.4 are isolated. 
Following isolation, binding peptides are analyzed to deter- 
mine whether they compete with Fc for binding to FcRn i.e., 
whether they bind to the same or an overlapping site. 
Peptides, prepared following the disclosed methodology, 
may be linked to other therapeutic proteins or drugs and 
thereby effectively increase the half lives of the proteins and 
tag the drugs. Small peptides arc relatively easier to make in 
large quantities compared to full length proteins; however, to 
date, peptides have had limited therapeutic use due to their 
short half lives. 

Generation of Peptide Libraries 

The phage display vector pHENl (Hoogenboom et al., 
1991) is used. Random peptide libraries are generated by 
synthesizing a sense strand oligonucleotide with randomly 
inserted bases at each position, with the exception of the 
wobble position that is either T or G in the sense strand to 
minimize the occurrence of stop codons. Initially, oligo- 
nucleotides are designed to encode 10 and 15 amino acids, 
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although this length may be varied. The oligonucleotides are 
made with overhangs encoding Ncol and NotI restriction 
sites. Oligonucleotide duplexes are generated using the 
PCR™ and primers that anneal to the 5* and 3' ends of the 

5 synthesized oligonucleotides. The PCR™ products are 
ligated into Ncol-Notl restricted pHENl and ligation mixes 
are transformed into competent E. coli cells as described 
previously (Ward, 1995; Popov et al, 1996a). Inserts of 
20-30 individual clones are sequenced (Sambrook et al., 

to 1989) to analyze the diversity of the library. 
Panning of the Libraries and Selection of Binders 

Libraries of clones are grown up, and extruded phage 
particles concentrated as described previously (Ward, 1995; 
Popov et al., 1996a). Phage are used in pannings with the 

15 following procedure that is designed to isolate high affinity 
(low off- rate) pepiides. Phage are incubated with soluble 
biotinylated FcRn at limiting concentrations (10 nM) in an 
analogous way to that described by Hawkins and colleagues 
(1992), with the exception that all incubations are carried out 

20 at pH 6. Following a 1 hour incubation, aliquots of the 
mixture are diluted into excess unlabeled FcRn (20 /*M) and 
incubated for varying times prior to addition of streptavidin- 
coated paramagnetic beads to capture biotinylated FcRn- 
phage complexes. Alternatively, the panning procedure 

25 described in Example 4 is used. Phage are then e luted with 
pH 7.4 buffer and used to reinfect E. coli prior to expansion 
for a second round of panning. 

Following 2-3 rounds of panning, E. coli clones gener- 
ated by infection with eluted phage are grown up and 

jo extruded phage analyzed in enzyme linked immunosorbent 
assays (EUSAs) for binding to FcRn coated onto 96 well 
microtiter plates. Phage with binding activity are further 
analyzed in competition binding assays in which soluble Fc 
or IgG is added to the phage prior to addition to the wells. 

35 Clones producing phage that are inhibited in their binding to 
FcRn by soluble Fc/IgG are characterized further. 

The genes encoding the peptides that bind to FcRn are 
sequenced and the corresponding peptides synthesized. The 
affinities of the peptide-FcRn interactions are determined 

40 using SPR and the BIAcore (Pharmacia). 

The pepiides are synthesized in biotinylated form to allow 
direct coupling to BIAcore chips via streptavidin 
(strcptavidin-coatcd chips arc commercially available from 
a number of sources). On- and off- rates at both pH 6 and pH 

45 7.4 are determined using previously described methods 
(Popov et al. 1996a; Jonsson et al. 1991). Peptides that show 
the highest affinity at pH 6 and/or most marked pH depen- 
dence arc analyzed further. 
FcRn-mediated Transfer of the Peptides 

50 Using methodology analogous to that described for 
Madin-Darby Canine Kidney (MDCK) cell monolayers 
expressing the poly IgA receptor (Mostov and Dietcher 
1986) an in vitro assay for the functional activity of FcRn is 
developed. This assay allows the determination of the func- 

55 tional activity of FcRn in mediating the trafficking of bound 
ligands from one side of a cell monolayer to the other. An 
alternative assay would analyze transfer of (radiolabeled) 
peptides in neonatal mice as described previously for Fc 
fragments (Kim et al. 1994b). 

60 For the in vitro and in vivo assays, peptides are synthe- 
sized with N -terminal tyrosines and radiolabeled using the 
Iodo-Gen reagent (Amersham). If a peptide contains one or 
more tyrosines at internal positions, this clearly is not a 
useful approach. If such is the case, the peptide is extended 

65 with an N -terminal glycine during synthesis, linked to the 
resin via a Rink linker (Rink, 1987) and then directly 
coupled to radiolabeled succinimydyl bydroxyphenyl pro- 
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pionate at the N-terminus. Various concentrations (1 
//g/ml-1 mg/ml) of peptides are added to the appropriate 
side of toe transwell, and transfer of peptide across the 
monolayer quantitated by gamma counting. 

As the Fc-hinge has two FcRn interaction sites per 5 
molecule, one may prefer to prepare "repeat" peptides, that 
is, a peptide that has two interactive sites per molecule, in 
order lo achieve the desired pharmacokinetic characteristics 
(refer to Example 6 and Table X for exemplary data dem- 
onstrating the improved pharmacokinetics achieved by bav- 10 
ing two interactive sites per protein molecule). 

EXAMPLE 6 

Site-directed Mutagenesis of the Murine lgGl Fc Region 

Recombinant Fc-hinge fragments have been used lo deter- 15 
mine the site of the murine IgG molecule that is involved in 
catabolism control (Kim ct al., 1994a). Earlier work indi- 
cated that Staphylococcal protein A (SpA) complexed with 
IgG was cleared more rapidly than the uncomplexed IgG 
molecule (Dima el al., 1983). SpA binds to residues that are 20 
located at the CH2-CH3 domain interface (Deisenhofer, 
1981) and this suggested that amino acid residues located in 
this region are also involved in the control of catabolism of 
the IgG molecule. Thus, the Fc mutants have been expressed 
in recombinant E. colt cells and purified using Ni 2 * NTA- 25 
agarose. 

The wild type (WT) and mutant Fc-hinge fragments are 
each purified in yields of 0.5 milligrams per liter of culture. 
Analyses by HPLC and reducing and non-reducing poly- 
acryl amide gel electrophoresis indicates that the WT and 30 
mutant Fc-hinge fragments are expressed and purified as 
disulfide linked homodimers, as would be expected for 
correctly folded Fc-hinge fragments. 
Pharmacokinetics of the WT and Mutant Fc-hinge Frag- 
ments 

The WT and mutant Fc-hioge fragments were radiola- 
beled using the Iodo-Gen reagent (Fraker et al., 1978) and 
used in pharmacokinetic studies in mice (Kim ct al., 1994a). 
For all proteins, greater than 90% of the cpm were precipi- 
table by 10% TCA. In addition, analyses using HPLC 40 
(SEC- 250 columns, Bio-Rad) of plasma samples 24 hours 
after injection indicated that the WT and mutant Fc-hinge 
fragments persisted in the scrum as intact molecules (size 55 
kDa) that were not associated with other serum proteins 
(Kim et al., 1994a). l"he pharmacokinetic parameters are 
shown in Table IX. 

TABLE IX 

Pharmacokinetic parameters of WT and mutant Fc fiaamenUi 50 

a phase p* phase 
Fc-hingc t!4 MKT 1 AUC 2 (total: PC* 

Fragment (hours) (hours) (hours) ng/hour/ml) (ng/hour) 

IgGl 20.lt 85.3* 117.1*6.0 5651 * 75 1.85 *0.02 55 
0.4 0.1 

Wild type 10.5 * 819 * 104.4 * 12.8 1949 * 257 5.4 * 0.8 

0.8 10.0 

1-253 6.7 * 20.0 * 16.3 * 0.8 548 * 27 225*1.2 
0.2 0.6 

HQ-310 6.0 * 17.5 * 12.1 * 1.0 528 * 127 20.4 * 4.7 

0.6 1.6 60 

HN-433 10.3 ± 50.3 * 60.0 *5.1 1469*232 65*0.9 
1.2 2.9 

HQ-310/ 5.tf * 15.6 * 10.4 * 0.6 529 * 70 20J) * 4.3 
HN-433 0.2 0.8 

H-285 8.7 * 761 * 1011 * 21.0 1572 * 310 6.5 * 1.5 

1.1 4.6 65 
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TABLE IX-continucd 



35 
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Pharmacokinetic parameters of WT and mutant Fc fragments 

a phase (J phase 
Fc-hinge t* tV6 MKT 1 AUC 2 (total: PC 3 

Fragment (hours) (hours) (hours) ng/hour/ml J (ng/hour) 

'MKT, mean residence lime 
2 AUC, area under curve 
3 PC, plasma clearance 

It is clear from these data (Table IX) that mutations in the 
CH2 domain (HQ-310 and 1-253) have a more marked effect 
on the a and (3 phase half lives than mutations in the CH3 
domain (HN-433). However, data from a further study (see 
Example 10) indicate that His435 and His 436 are important 
for scrum persistence and that mutation of IIis433 and 
Asn434 individually have no effect on scrum persistence. 
Furthermore, the HQ-310/HN-433 mutant has the shortest a 
and (J phase half lives. To analyze the folded state of the 
mutant Fc-fragments, circular dichroism (CD) analyses have 
been carried out in the range 1 90-260 nm (Kim et al., 1994a; 
Medesan et al., 1997). The resulting spectra indicate that the 
mutations do not result in misfolding of the recombinant Fc 
fragments (Kim et al., 1994a; Medesan et al., 1997). 
Furthermore, denaturation analyses using CD indicate that 
Lhe WT and mutant Fc fragments all have similar denatur- 
ation temperatures (65° C.) under the conditions used (10 
mM sodium phosphate, pi I 7.0). As a further control for 
these studies, a conserved histidine (residue 285, EU 
numbering, Edelman et al., 1969) of the IgGl Fc has been 
converted to alanine and the mutant (designated H-285) 
characterized pharmacokinetically (Kim et al., 1994c). The 
P phase half life (76+/- 14. 6 hours) of this mutant is statis- 
tically indistinguishable from that of the WT Fc (Table IX), 
indicating that mutation of a histidine that is distal to the 
CH2-CH3 domain interface (Deisenhofer el al., 1976) does 
not affect the catabolic rate of the Fc fragment. This further 
supports the idea that the CH2-CII3 domain mutations have 
specific effects on the pharmacokinetics, and do not result in 
more rapid clearance of the Fc due to a general destabilizing 
effect on Fc structure. 
Expression of the Fc Derived Fragments 

The genes encoding the CH2-hingc fragment, CII2 
domain and CH3 domain were isolated using designed 
oligonucleotide primers and the PCR™ (Saiki et al, 1988) 
and ligated into VPpelBHis (Ward, 1992) as NcoI-BstEII 
fragments. The CH2-hinge, CH2 domain and CH3 frag- 
ments have been expressed and purified using Ni 2+ -NTA- 
agarose as described (Kim et al., 1994c), and the yields of 
expressed protein are 1-1.5 (CH2-hinge), 2 (CH2 domain) 
and 1.5-2 (CH3 domain) milligrams per liter of culture. As 
a control for use in these studies, the anti-lysozyme D1.3 Fv 
(Ward ct al., 1989) was also expressed and purified from 
recombinant E. cnli cells. 

Analyses using reducing and non-reducing SDS gel elec- 
trophoresis indicate that the Fc and CH3 fragments are 
expressed as a bomodimer. In contrast, the CH2-hinge 
fragment is expressed as a mixture of monomer and — S — S 
linked dimer. The dimer was separated from the monomer 
using HPLC and used in pharmacokinetic studies. 'l"he CH2 
domain was expressed and purified as a monomer, presum- 
ably due to the relative weakness of the CH2-CH2 domain 
interaction in an IgG molecule (Deisenhofer et al., 1976). 
Pharmacokinetics of the Expressed Fragments 

To determine the clearance rates of the IgG fragments in 
vivo, they were radiolabeled with 12S -I using the Iodo-Gen 
reagent (Fraker and Speck, 1978). The a and p phase half 
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lives in mice were determined as described (Kim el al., 
1994a; 1994c), and are shown in Table X. The difference in 
p phase half lives of the CH2-hinge dimer and CH2 domain 
monomer suggest that two catabolic sites per fragment are 
needed for serum persistence. 

TABLE X 

Half-lives of recombinant Fc and Fc -de rived fragments 

Half Life (hi*) 



10 



Derivative 



Number of Mice a-phasc 



p-phase 



IgGl 


7 


192 r 1.2 


89.2 ± 


10.6 


CH2-hinge dimer 


10 


6.2 * 1.2 


61.6 * 


10.7 


CH2-hinge monomer 


7 


4.3 ± 0.1 


29.1 ± 


1.2 


(reduced & alkylated) 










CH2 


4 


2.9 x 0.1 


25.5 ± 


2.3 


CH3 


9 


3.4 r 0.1 


21.3 * 


2.3 


Fv 


4 


3.4 


24.1 * 


3.5 


WT Fc-hicgc 


9 


10.5 * 0.8 


82.9 ± 


10.0 


HQ-310/IIN-433 


7 


5.8 x 0.2 


15.6 ± 


0.8 


mutant Fc-hinge 










Fc-hybrid 


16 


73 * 1.2 


37.9 ± 


7.1 



To exclude the possibility that the shorter half life of the 
CH2 domain versus the CH2-hinge dimer was due to the 
presence of the hinge sequences in the latter, the CH2-hinge 
dimer was converted into a monomer by reduction and 
alkylation (Kim et al. 1994c). The resulting monomer was 
analyzed pharmacokinetically and found to have a short p 
phase half life (29.1 hours) similar to that of the CH2 domain 
monomer (25.5 hours). 'This indicates that two catabolic 
sites per CH2 -hinge fragment result in longer serum persis- 
tence than one site per CH2-hinge. Alternatively, the size 
differences between the monomer and dimer may account 
for the differences in serum persistence. To investigate this 
possibility, a hybrid Fc fragment was made which comprised 
one WT Fc polypeptide associated with one mutant (HQ- 
310/HN-433) polypeptide. This hybrid was isolated by tag- 
ging the mutant Fc with a c-myc tag (in a plasmid conferring 
kanamycin resistance) and the WT Fc with a His 6 peptide (in 
a plasmid conferring ampicillin resistance) and 
co-expressing the two polypeptides in the same bacterial cell 
(Kim et al. 1994c). Heterodimers were purified using an 
Ni 2 *-NTA-agarose column followed by a 9E10-Sepharose 
column (the latter recognizes the c-myc epitope, Ward et al., 
1989). The hybrid protein was used in pharmacokinetic 
studies (FIG. 7 and Table X). The P phase half life of 37.9 
hours for the Fc-hybrid is less than that of WT homodimers 
but greater than that of mutant homodimers. This indicates 
that une catabolic site per Fc is insufficient to confer the 
pharmacokinetic characteristics of the WT homodimer on 
the Fc fragment. Within the framework of the Brambell 
hypothesis (Brambell et al., 1964; Brambell, 1966) the data 
suggest that the hybrid has reduced avidity for binding to 
protective receptors and as a result is cleared more rapidly 
that WT Fc homodimers. However, the more rapid clearance 
of the mutant homodimer relative to the Fc-hybrid suggest 
thai the latter retains a higher binding affinity for the 
protective receptors than the homodimer and binding of this 
Fc-hybrid to recombinant FcRn has recently been shown 
using SPR (Popov et al., 1996b). 
Intesiinal Transfer of Fc Fragments in Newborn Mice 

The effects of the mutations shown in Table XI on the 
intestinal transfer of recombinant Fc fragments in newborn 
mice have been analyzed using a variety of approaches 
which are described below. 
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TABLE XI 



Fc derivatives used in intestinal transfer studies 



Designation 



Mutation 



WT Fc None 

1-253 Dc 253 to Ala 253 

HO 310 His 310 lo Ala 310 and Oln 311 to Asa 311 

HN-433 His 433 to Ala 433 and Asn 434 to Gin 434 

IIQ-310/HN-433 HQ-310 and HN-433 within same Fc- hinge 

Fc-hybrid Hybrid comprising hctcrodimcr of WT-Fohingc-ond 
HO-310/HN-433 mutant 



Direct Transfer of Fc Fragments from Gut Lumen to Plasma 

15 The complete IgGl molecule (mlgGl), WT and mutant 
(HQ-310/HN-433) Fc fragments were radiolabeled and ana- 
lyzed in in vivo transfer assays in 10-14 day old mice (Kim 
et al, 1994b). As controls, an Fc fragment produced by 
papain digestion and an Fab fragment were used. The hybrid 

20 Fc fragment was also analyzed. 

The results shown in FIG. 8 indicate that the WT Fc 
fragment is transferred as well as the Fc-papain and mlgGl, 
indicating that glycosylation (or lack of it) does not affect 
transfer. This is consistent with earlier data of Hobbs and 

25 colleagues (Hobbs et al, 1992). These results also show that 
mutant HQ-310/HN-433 is impaired in transfer, suggesting 
that the catabolic site overlaps that involved in intestinal 
transfer and that the Fc-hybrid is impaired in transfer, 
indicating that two functional sites per Fc are required. This 

30 resembles the findings regarding the need for two catabolic 
sites in catabolism control (data above and Kim et al. 
1994c). 

However, these data do not distinguish between a defect 
of the mutant Fc fragments in binding to the neonatal 
35 intestinal receptor, FcRn, and/or transcytosis, and therefore 
further studies involving inhibition of transfer were carried 
out. 

Competition Transfer Assays 
In these assays, the abilities of unlabeled WT and mutant 

40 Fc fragments to inhibit transfer of radiolabeled murine IgGl 
were analyzed. In addition lo the HQ-310/HN-433 mutant, 
the mutants described in Table XI were also used. The 
results of these studies arc shown in Table XII. The data 
clearly show that the mutants are defective in competing 

45 with the complete IgGl molecule for binding to FcRn. 
Furthermore, the effect of each mutation on half life shows 
an excellent correlation with the effect on inhibitory capacity 
(FIG. 9). 
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TABLE XII 



Inhibition of intestinal transmission of 
radiolabeled murine IgGl (mlgGl) by recombinant Fc derivatives 



Competitor 



Inhibition of transmission (%)* 



IgGl 


51.4 


Fc-papain 


62.5 


WT Fc 


55.3 


1-253 


20.2 


UQ-310 


8.9 


HN-433 


44.4 


HQ-310/HN-433 


5.4 


Fc-hybrid 


21.5 


BSA* 


8.9 



65 



"relative lo transmission of radiolabeled IgGl in presence of PBS 
# BSA, bovine scrum albumin 

To further confirm and extend these results, neonatal 
brush borders were isolated and used in binding studies with 
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the WT Fc and HQ-310/HN-433 mutant Fc, in which the 
ability of mlgGl, WT Fc and HQ-310/HN-433 mutant to 
inhibit binding of mlgGl to isolated neonatal brush borders 
was assessed (FIG. 10). 

In conclusion, these studies have resulted in the identifi- 
cation of the site of the murine IgGl molecule that is 
involved in interacting with FcKn during intestinal transfer 
in neonatal mice. The data indicate that the catabolic site and 
FcRn binding site are closely related. 
Maternal-fetal Transfer of WT and Mutant Fc Fragments 

Studies have been carried out to analyze the maternal - 
fetal transfer of murine IgGl (mlgGl), WT Fc and HQ-310/ 
HN-433 mutant, using the methodology described below in 
Example 9. The data clearly show that the mutant is trans- 
ferred at significantly lower levels than mlgGl and WT Fc 
(Table XIII). 

TABLE XIII 

Maternal-fetal transfer of mlgGl. WT Fc and HO-310/HN-433 mutant 





mlgGl 


WTFc 


. HQ-310/ 
IIN-433 


Radioactivity injected (cpm) 


2,005,435 


1,890,540 


1,958,436 


Radioactivity in maternal 


1,0K5,()(H 


770,350 


K36/I5n 


blood at 3 min. (cpm) 








Radioactivity in maternal 


725,501 


215,431 


219,431 


blood al 4 h.. (cpm) 








Radioactivity in fetuses al 


28,450 


13,750 


1,359 


4 h. (cpm) 








Percent of transmission 


2.71 


1.78 


0.16 


relative to 3 min. levels 








Percent of transmission 


4.05 


6.3S 


0.62 


relative to 4 h. levels 









EXAMPLE 7 

The data described above in Examples 3 and 4 indicate 
that murine FcRn and FcRc (the putative 'protective' recep- 
tor involved in catabolism control) are related, and may even 
share common sequences. Thus the isolation of the gene 
encoding a putative FcRc from murine tissues and cell lines 
was undertaken and is described in this example. 

PCR™ primers based on the sequence of murine FcRn 
(Ahousc ct al., 1993) that arc not homologous to murine 
Class I molecules (Simister and Mostov, 1989a) were 
designed as follows: 

Primer A: 5' CAG GAA GCT GAC CCC TGT GGG NN 3" 

(SEQ ID NO:13) 
This primer encodes bases 190-212 of the sense strand of 
murine FcRn. 

Primer B: 1TC CO T CTC AGO CCA CTC CCC NN 3' 

(SEQ ID NO:14) 
This primer is complementary to bases 452-474 of the sense 
strand of FcRn. Note that for both primers, two degenerate 
bases were iaserted at the 3' end of each primer in case the 
sequence of FcRc did not match FcRn precisely. 

Total RNA was isolated from two endothelial cell lines 
[SVEC, derived from C3H/HeJ mice (O'Connell and 
Edidin, 1990) and MPCE, derived from lungs of 
B10.DBA/2 mice; obtained from Prof. P. Thorpe and Prof. 
A. Curtis, respectively] and cDNA synthesis primed with 
primer B. The cDNA was then used in PCR™ with primers 
A and B, and for both cDNAs, PCR™ products of 285 bp 
were generated. No product was observed in the negative 
controls, indicating that this result is not due to PCR™ 
contamination by neonatal murine intestine. Ihe PCR™ 
products were cloned using the TA cloning system 
(Promega) and sequenced using the dideoxynucleotide 
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method (Sanger et al., 1977). Sequencing of multiple inde- 
pendent clones indicates the sequence of the 285 bp frag- 
ment is the same as that of FcRn with the exception of one 
base change (A to G) which converts valine to methionine at 
codon 73. 

The isolation of this 285 hp fragment from endothelial 
cell lines prompted the design of PCR™ primers to amplify 
the genes encoding the transmembrane regions and cyto- 
plasmic tail as follows: 

Primer C: 5' TCT GGC TCC TCC GTG CT 3' (SEQ ID 
NO:6) 

(encodes bases 640-656 of the sense strand of FcRn) 
Primer D: 5' TCA GGAAGT GGC TGG AAA GGC ATT 3' 

(SEQ ID NO: 15) 
(complementary to bases 1075-1095 of sense strand of 
FcRn). 

Complementary DNA (cDNA) was synthesized from 
RNA derived from the two endothelial cell lines, murine 
heart, liver, lung, spleen, yolk sac, neonatal brush border and 
T/B cell hydridomas priming with primer D. For tissues, 
BALB/c mice were used, and the 2B4 (T cell; Chien et al., 
1984) and Y-3P (B cell, Jancway ct al., 1984) hybridomas 
were derived from B10. A and BALB/cByJ mice, respec- 
tively. The use of these cDNAs in PCR™ with primers C 
and D resulted in the isolation of products of the predicted 
size from all cells except the T and B cell hybridomas. In all 
cases, PCR™ products of the expected size were seen using 
p-actin specific primers. 

There are consistently quantitative differences in the 
amounts of PCR™ product obtained from the above tissues/ 
cells, which in turn suggests different levels of mRNA, with 
yolk sac and neonatal intestine (brush border) producing the 
highest amounts, and the amounts in the other tissues 
decreasing in the order: liver>spleen, lung>heart. Quantita- 
tive PCR™ arc carried out to assess the mRNA levels in 
these different cell types. PCR™ products from liver, spleen, 
neonatal brush border and lung have been cloned and 
sequenced in the region 640-870 and found to share a high 
degree of homology with FcRn. Furthermore, the complete 
FcRn homolog has been isolated from the two endothelial 
cell lines using primers D and E and multiple independent 
isolates sequenced; there are a total of 4 nucleotide 
differences, 3 of which are silent and one A to G change 
(converting valine to methonine) at codon 73. The silent 
mutations at codons 233, 251 and 265 arc also seen in 
PCR™ products isolated from (he liver, spleen, neonatal 
brush border and lung (derived from BALB/c mice). 

Primer E: 5' ATG GGG A1G CCA CFG CCC TGG3' 
(SEQ ID NO: 16) (encodes bases 1-21 of the sense strand 
of FcRn, including leader peptide). 

The sequence differences between the published FcRn 
sequence and the FcRn gene isolated are most likely allelic 
differences due to the different mouse strains used by the 
inventors and Simister and colleagues who used FVB/N 
mice (Ahousc ct al., 1993), who found no hybridization of 
an FcRn cDNA probe to mouse placenta, adult mouse 
proximal small intestine, thymus, spleen, kidney nor liver, 
although expression at the protein level in mouse fibroblasts 
was not excluded. The reasons for these differences may be 
due to differences in the sensitivity of the methods used i.e. 
PCR™ versus northern blotting. Coasistent with the data, 
Simister and colleagues (Story et al, 1994) have recently 
reported that an FcRn homolog was expressed at high levels 
in human placenta, in addition to ubiquitous expression in 
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many other adult human tissues. For the rat also, weak 
hybridization of FcRn probes to RNA from adult tissues was 
observed after high stringency washes (Simister and 
Mostov, 1989a; Simister and Moslov, 1989b). Low level 
expression of the receptor involved in the control of catabo- 
lism in the ubiquitous endothelial cells, i.e. in all vascular- 
ized organs, would be consistent with the proposed role of 
this protein in maintaining constant serum IgG levels. These 
expression data, together with tbe data presented in 
Examples 3 and 4 above, suggest that FcRc and FcRn are 
one and the same. 

Expression of FcRn in Soluble Form in the Baculovirus 
System 

The gene encoding tbe extracellular regions (codons 
1-290, including leader peptide) of FcRn has been tagged 
with 3' His 6 peptide codons (Ward, 1992), tailored with 
BamHI sites using the PCR™ and ligated into the BgHI site 
of pACUW51 (Invitrogen) for expression in the baculovirus 
system (O'Reilly el al., 1992). The gene encoding 
p2-microglobulin was also amplified using the PCR™ and 
tagged with Dglll sites and ligated into the BamHI site of 
pACUW51. The vector FcRn-pAC was used to transfect 
Spodoptera frugiperda (Sf9) cells and recombinant viruses 
plaque purified. A recombinant virus stock has been gener- 
ated and used to infect High-5 cells {Trichophtsia ni; 
Invitrogen) which expresses higher levels of recombinant 
protein than Sf9 cells. Following 4 days of infection, culture 
supernatant and lysed pellets were passed over Ni 2+ -NTA- 
agarose and bound protein eluted. Using this system, 15 
milligrams of FcRn per liter of cells can be routinely 
purified. SDS-PAGE and immunoblotting (using anti-ft2- 
microglobulin sera analyses indicate that the protein is 
purified as a heterodimer of heavy chain and 
p2-microglobulin. HPLC analysis indicates that the FcRn 
heavy chain is quantitatively associated with 
p2-microglobulin. Furthermore, binding studies with radio- 
labeled soluble FcRn (designated sFcRn) to murine IgGl- 
Scpharosc indicate that sFcRn binds to mlgGl coupled to 
Sepharose in a pH dependent and specific way (Table XIV). 

TABLE XIV 

Binding of sKcKn to mtgCil -Sepharose 



45 





Initial 




Bound 


pH of 


radioactivity 


Bound 


radioactivity 


incubation 


added 


radioactivity 


after pH 7.5 wash 


6.0 


913,948 cpm# 


271,425 cpm 


42452 cpm 


6.0 


937,685 cpm 


227,828 cpm 


42,656 cpm 


6.0 


937,985 cpm 


7U,659 cpm- 


26,492 cpm 


7.5 


931,31)2 cpm 


19,57ft cpm 


16,H16 cpm 


7.5 


943,936 cpm 


11,556 cpm 


10,269 cpm 


7.5 


958.958 cpm 


12.339 cpm 


9 ; 468 cpm 
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"in presence of 500 /o> mlgGI 

specific activity of labeled rFcRo was 10° cpm#/g 

Binding of WT and Mutant Fc Fragments to FcRn 

Studies in which the binding of 125 -I sFcRn to IgG- 
Sepharose was inhibited by murine IgGl, WT or mutant Fc 
fragments indicate that the 1-253, HQ-310, HQ-310/HN-433 
mutants arc all deficient, relative to WT Fc, in binding to 
sFcRn. This is consistent with the in vivo transfer data and 
in vitro binding studies with isolated brush borders (Tabic 
XV). 
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TABLE XV 



Inhibition of binding of 125 -l labeled sFcRn to murine IgGl -Scpharosc 
by murine IgGl, WT and mutant Fc fragments 



% inhibition 
Molar ration of 
inhihitor/>'cRn 



10 



15 



20 



25 



30 



35 



40 



Inhibitor 


1/500 


1/1000 


mlgGl 


24.7 


45.6 


WTFc 


18.4 


34.1 


HQ-310/Hn-433 


0.2 


4.0 


1-253 


2.3 


6.5 


HQ-310 


1.6 


6.2 



Expression of Fc Fragments on tbe Surface of Bacteriophage 

Construction of Phage Display Vectors 

The phagemid coastrucLs shown in FIG. 11 were made. 
The genes encoding tbe WT Fc and HQ-310/HN-433 frag- 
ments (including hinge regions) were tailored by the PCR™ 
for ligation as NcoI-NotI fragments into the vector pHENl 
(Hoogcnboom ct al., 1991). The advantage of using pHENl 
for this work is the following; tbe Fc gene is linked via a 
suppressive stop codoo (amber) to the cpIII coal protein of 
tbe filamentous bacteriophage, fd. Thus, transfection of the 
amber suppressor strain E. coli TGI (Gibson, 1984) with the 
phagemid followed by superinfection with helper phage 
results in extrusion of phagemid particles (Hoogenboom et 
al, 1991) that, in this case, bear surface bound Fc fragments. 
However, the suppression is not complete so that a signifi- 
cant proportion of Fc fragments are exported as soluble, 
unlinked molecules (clearly observed on immunoblots). 
These soluble Fc fragments therefore associate with surface 
bound Fc fragments to form homod inters, in a similar way 
to that described previously for the heavy and light chain 
components on Fab fragments (Hoogenboom et al., 1991). 
Functional Activity of Phage Displayed Fc Fragments: 
Binding to sFcRn 

E. coli TGI transformants harboring either the WT Fc or 
HQ-310/HN-433 mutant in pHENl have been grown up, 
phage extruded and concentrated by polyethylene glycol 
precipitation (Marks et al., 1991). The phage pellets were 
resuspended in 2% milk powder/PBS (pi I 6) and purified 
sFcRn added at a concentration of 10/ig/ml in the presence 
or absence of 50 Mg of murine IgGl . Following two hours of 
incubation, sFcRn-phage complexes were isolated by the 
addition of 10 /d of Ni 2+ -NTA-agarosc and the agarose 
beads washed extensively with 0.1% Tween/PBS (pH 6) 
followed by PBS, pH 6. Specifically bound phage were 
c luted using 50 mM Tris-IICl pll 7.5 and used to infect 
exponentially growing E. coli TGI as described (Marks el 
al., 1991). Infected TGI cells were serially diluted, plated 
and the cfu determined (Table XVI). 
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Panning of phage bearing Fc fragments against sFcRn 



Amount of 

IgCVl added 
(Kg) 



Number of colonies 



wr He 

bearing phage 



HQ-310/HN-433 
bearing phage 



50 
0 



41 
>2000 



230 
109 



From these data and Example 4 it is clear that this system 
results in the phage display of Fc fragments that bind to 
sFcRn specifically, and is therefore a suitable system for the 
selection of Fc mutants that have higher affinity for FcRn 
binding. 
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EXAMPLE 8 

The this example, the roles of residues His 433, His435 
and His 436 in control of serum IgG levels and transcytosis 
are examined in pharmacokinetic studies. It has been noted 
previously that the mIgG2b molecule has a shorter serum 
persistence than either mIgG2a or mlgGl (Pollock et al., 
1990), but the sequences that are responsible for this have 
not been mapped. Based on earlier data the inventors stipu- 
lated that the difference in half life may be due to sequence 
differences in the CH3 domain at positions 433, 435 and 
436. In IgG2a and IgG I, the residues at these positions are 
His433, His435 and His436 and data indicate that His435 
and His436 (and His433 if in the context of the double 
mutation of His433-Asn434) are involved in regulating 
serum persistence (Medesan et al., 1997). In mIgG2b, the 
residues at these positions are Lys433, Tyr435 and Tyr436. 
The inventors mutated residues 433, 435 and 436 in mlgG2b 
to the corresponding residues in mlgGl, in the expectation 
that these mutations might increase the half life of the 
mIgG2b molecule. 

Preparation and Radiolabeling of Proteins 

Recombinant Fc fragments are purified using Ni 2 *-NTA- 
agarosc and radioiodinated using the Iodo-Gen reagent 
(Amersham) as described previously (Kim et al., 1994a). 
Pharmacokinetic Studies 

Essentially the methodology described previously (Kim el 
al., 1994a) is used. In brief, proteins are radiolabeled, a 
specific activity of 10 7 cpm//*g is routinely obtained using 
this method) and free iodine is removed by two successive 
gel filtrations on Sepharose G-25M. Radiolabeled Fc frag- 
ments are analyzed on SEC-250 columns by permeating 
HPLC prior to injection into mice. Radiolabeled proteins are 
injected into the tail vein in a volume not larger than 150 //l 
and a radioactive load of 1-5x1 0 7 cpm. Mice are bled with 
heparinized capillary tubes at intervals up to 120 hours post 
injection. Radioactivity present in plasma is determined as 
described (Kim et al., 1994a), and aliquots of the plasma 
added to 10% trichloroacetic acid (TCA) to determine the 
non-precipitable cpm. Plasma is collected at 24 hours post- 
injection and analyzed by HPLC on SEC-250 columns (Kim 
et al., 1994a). 

Generating a Murine IgG2b (mIgG2b) Antibody with 
Longer Scrum Persistence 

Unexpectedly, the mIgG2b Fc-binge fragment, expressed 
and purified from E. coli, has a shorter serum persistence 
than the complete gylcosylated murine IgG2b molecule 
(note that this is in contrast to the results obtained for the 
murine IgGl Fc-bingc where E. coli expressed material has 
the same half life as complete glycosylated IgGI). 
Therefore, vectors have been built to express the complete 
murine IgG2b molecule (wild type and a mutated derivative 
in which Lys433, Tyr435 and iyr436 were changed to 
IIis433, His435 and His436; the latter is designated KYY 
mutant) using the baculovirus expression system. -Expres- 
sion in insect cells is known to result in glycosylated protein, 
using the same recognition sequences for glycosylation as 
those used in mammalian cells. The genes encoding the 
IgG2b constant region were isolated and spliced, using the 
PCR™ and appropriate oligonucleotide primers, to the gene 
encoding the VH domain gene of an anti-lysozyme antibody 
(D1.3; Amit etal., 1986). Similarly, the gene encoding the 
murine Ck domain was spliced to the Dl.3 VK domain. 
Secretion leaders were also inserted upstream of both heavy 
and light chain genes using the PCR™. The immunoglobu- 
lin genes encoding the light and heavy chains were then 
ligated into pACUWSl (Pharmingen), a baculovirus expres- 
sion vector. 
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The vectors were transfected into Sf9 (Spodoptera 
frugiperda) cells, recombinant viruses plaque purified and 
used to infect High 5 (Jrichoplusia ru) cells for expression. 
Following 4 days of infection, recombinant antibodies were 

5 purified from the culture supernatants using lysozyme 
Sepharose as described (Ward et al. 1989). The mutant 
mlgG2b (KYY) molecule was purified and its in vivo half 
life analyzed in SWISS mice. The half life has been com- 
pared with myeloma (B cell) expressed mIgG2b 

to (unmutated) and mlgGl, and the results are shown in Table 
XVII. 

TABLE XVTI 



15 Half lives of mlgGl, m IgG 2b (myeloma expressed) 
and mutated mIeG2b (KYY mutant 

Antibody £ phase half life (hours) 

mlgGl 123.5 * 13.3 

mIgG2b (WTj 56.1 * 5 

20 m!gG2b (KYY mutant) 110.9 * .16.2 



Clearly, the mutations have resulted in a significant 
increase in half life (56.1 hours to 110.9), and the half life 
25 of the mutated IgG2b molecule is the same as that of mlgGl 
in SWISS mice. Thus, some or all of the residue differences 
at 433, 435 and 436 account for the half life differences 
between wild type mIgG2b and mlgGl. 

EXAMPLE 9 

30 

Materials and Methods 
Generation of Mutated Fc Hinge Fragments Derived from 
mlgGl 

Mutations were made using designed mutagenic oligo- 

35 nucleotides and either splicing by overlap extension (Horton 
et al., 1989) or site -directed mutagenesis (Carter et al., 1985; 
Kunkel, 1985). The mutants are described in Table XVIII 
and the generation of mutants I253A and II285A has been 
described previously (Kim et al., 1994a; 1994c). For other 

40 mutants, mutagenic oligonucleotides used in site-directed 
mutagenesis were as follows (underlines indicate mutated 
bases): H433A, 5 '-GGTGGTTGGCCAGGCCCCT-3' SEQ 
ID NO: 17; II435A, S'-CAGTAXG G GCGfTGTGCA-3' 
SEQ ID NO:18; and H436A, 5'-CTCAGTA 

45 GCGTGGTTGTG-3' SEQ ID NO: 19. Mutants H310A, 
N434A, and N434Q were made using splicing by overlap 
extension (Horton et al., 1989) with the following mutagenic 
oligonucleotides: 1131 OA, 5-CCCATCATG 
GCCCAGGACTGG-.? SEQ ID NO.20 and 

50 S'-CCAGICCIGGGCCAIGAIGGG^' SEQ ID NO:21; 
N434A, S'-GGCCTGCACGCQCACCATACT-r SEQ ID 
NO:22 and 5 -AGTATGGTGCGCGTGCAGGCCCTC-3* 
SEQ ID NO:23; and N434Q, 5 - AGTATG GTGXT 
GGTGCAG-.T SEQ ID NO:24 and 5'-CTGCACCA 

55 ACACCA1ACT-3' SEQ ID NO:25. For all mutants, the 
corresponding genes were sequenced using the dideoxy- 
nucleotide method (Sanger et al., 1977) and Sequenase® 
before functional analysis. 

Expression and Purification of the Recombinant Proteins 
60 Wild-type (Wl) and mutant Fc hinge fragments tagged 
with carboxyl- terminal hexahistidine peptides were purified 
using Ni 2 *-NTA-agarose (Qiagen, Chatsworth, Calif.) as 
described previously (Kim et al., 1994a). After dialysis 
against 15 MM phosphate huffer/50 mM NaCl, pH 7.5, the 
65 mutants were either kept at 4° C. for short term storage (<10 
days) or freeze dried for longer term storage. Recombinant 
soluble mouse FcRn was expressed and purified using the 
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baculovirus system as described previously (Popov et al., 
1996b) and stored at 4° C 

TABLE XVIII 



Recombinant 


Fc-Hince Derivatives Used 


in this Study 


Designation 


Mutation 


Domain 


WT Fc- hinge 
J253A* 


None 




He 253 to Ala 


CI 12 


II285A* 


Ilia 285 to Ala 


CI 12 


H310A 


His 310 to Ala 


CH2 


H433A 


His 433 to Ala 


CH3 


H433A/N434Q > 


His 433 to Ala and Asn 434 CH3 




to Gin 




N434A 


Asn 434 to Ala 


CH3 


N434Q 


Asn 434 to Gin 


CH3 


H435A 


His 435 to Ala 


CH3 


H436A 


His 436 to Ala 


CH3 



'Mutants described previously (Kim et al., 1994a; 1994c) 

Analysis of the Mutant Fc Hinge Fragments Using SDS- 
PAGE and Circular Dichroism (CD) 

SDS-PAGE (Laemmli, 1970) and CD analyses were con- 
ducted as described previously (Laemmli, 1970). 
Radiolabeling of the Proteins 

Monoclonal mlgGl, recombinant mouse Fcy, hinge 
fragments, and recombinant mouse FcRn (mFcRn) (Popov 
et al., 1996b) were radiolabeled with [ 125 I]Na (Amersham, 
Arlington Heights, 111.) using the Iodogcn reagent (Frakcr 
and Speck, 1978) as described previously (Kim et al., 
1994a). Free iodine was removed by centrifugation on 
MicroSpin G-25 columns (Pharmacia, Piscataway, NJ.). 
The specific activities of the radiolabeled proteins were 
approximately 5xl0 6 cpm/^g, with <5% free iodine. The 
radioactive proteins were stored at 4° C. for not more than 
1 wk before injection into mice. 
Chromatographic Analysis 

All radiolabeled Fc binge fragments were analyzed on an 
s-250 column (Bio-Rad, Hercules, Calif.) by permeation 
HPLC. The sera collected from mice injected with radiola- 
beled Fc hinge fragments at 24 h were pooled and analyzed 
by HPLC on an s-250 column (Bio-Rad). The radioactivities 
of the chromatographic fractions were measured with a 
gamma counter, and the molecular mass and heterogeneity 
of the radioactive peak were determined. 
Determination of Serum IgG Concentration 

The concentration of serum IgG was determined using 
radial immunodiffusion with Nanorid and Bindarid kits (The 
Binding Site, Birmingham, UK). Precipitin ring diameters 
were measured electronically. 
Pharmacokinetic Analyses 

Pharmacokinetics of radioiodinated Fc hinge fragments 
were determined in 6-wk-old BALB/c mice (Harlan 
Spraguc-Dawlcy Laboratory, Indianapolis, Ind.) as 
described previously (Kim el al., 1994a; 1994c). 
Maternotetal Transmission 

Previously described methodology (Mcdesan el al., 1996) 
was used with pregnant outbred SCID) mice (Taconic Co., 
German town, N.Y.) near term (15-18 days). In brief, mice 
were fed 0.01% Nal in drinking water and then 1 day later 
injected with radiolabeled protein (2xl0 7 and 5xl0 7 cpm) in 
the tail vein. Mice were bled with a 20-/d capillary 3 min 
postinjection, and 24 h later fetuses were delivered by 
cesarean section. The fetuses of a litter were pooled 
(discarding the placenta), washed in saline, weighed, frozen 
in liquid nitrogen, and homogenized in 10 vol of 10% TCA. 
The suspension was centrifuged, and the radioactivity of the 
precipitate was determined in a gamma counter. The per- 



centage of transmission was calculated with the formula: % 
transmission (%T)«(R3)/[(Rl-R2)x(Wx0.72)/0.02], where 
Rl is radioactivity in maternal blood at 3 min, R2 is 
radioactivity in maternal blood at 24 h, W is body weight 
(grams), and R3 is radioactivity of the fetuses. 

The total weight and number of fetuses in a given litter 
varied from litter to litter, and therefore, the transmission 
data are presented per unit weight of fetuses rather than the 
amount transferred per litter (% T/g) (Medesaa et al., 1996). 
The blood volume of pregnant mice was considered to be 
12% of body weight (Guyer et al., 1976). The radioactivity 
in the maternal blood available for transmission to the fetus 
was calculated by deducting the radioactivity remaining at 
24 h from that measured at 3 min after the injection of 
radiolabeled protein. 
Inhibition of Transintestinal Transfer 

BALB/c neonatal mice (10-14 days old) were intubated 
with a mixture of [ 125 I]mIgGl and Fc hinge fragment at a 
Fc/IgG molar ratio of approximately 2000 as described 
previously (Kim et al., 1994b). The percentage of inhibition 
was calculated relative to the transfer of the same amount of 
[ 125 I]mIgGl without inhibitor. 
Inhibition of FcRn Binding to mlgGl-Scpharosc 

AH Fc hinge derivatives were dialyzed into 50 mM 
phosphate buffer with 250 mM NaCl and 5 mM N^EDTA, 
pH 6.0 (PB-6), and adjusted to a concentration of 1 mg/ml. 
Three hundred microliters of Fc hinge (WT or mutant) or 
PB-6 were incubated in Eppcndorf tubes with rotation for 30 
min at 25° C. with 150 ;d of mlgGl-Sepharose (1 mg/ml 
packed gel, 50% suspension), 50 /d of PB-6 containing 10 
mg/ml OVA (Sigma Chemical Co., St. Louis, Mo.), and 10 
p\ of [ 125 I]FcRn (0.1 ^g/200,000 cpm). Following 
incubation, 500 fA of ice-cold PB-6 was added, and the gel 
was washed three times by centrifugation at I2,000xg for 3 
min using ice-cold PB-6-(plus 1 mg/ml OVA). The radio- 
activity bound to the gel was determined. The gel pellet was 
resuspended in 1 ml of PB-7.5 (50 mM phosphate buffer 
containing 250 mM NaCl, 5 mM Na 2 EDTA with 1 mg/ml 
OVA), and the supernatant was discarded after centrifuga- 
tion. Ihe remaining radioactivity bound to the gel was 
determined. The radioactivity specifically bound to the 
mlgGl-Sepharose gel was calculated by subtracting the 
remaining radioactivity from the bound radioactivity. The 
inhibition of binding of FcRn to mlgGl-Sepharose by Fc 
derivatives was calculated using the equation: % inhibilion- 
100-100 A/B, where A is the specific radioactivity bound to 
mlgGl-Sepharose in the presence of Fc hinge fragment, and 
B is the specific radioactivity bound in the absence of Fc 
hinge fragment. 

Analysis of Binding to Staphylococcal Protein A (SpA) 

SpA-agarosc gel (0.5 ml) was equilibrated with BP-7 (50 
mM phosphate buffer containing 250 mM NaCl, 5 mM 
Na 2 EDTA) and 1 mg/ml O VA(BP-7.5). Fifty to one hundred 
microliters of each l2S I -labeled Fc hinge fragment contain- 
ing 50 fig of protein was loaded onto the column, incubated 
for 15 min, and then washed with 10 column volumes of the 
same buffer. Bound Fc hinge fragments were eluted with 100 
mM acetic acid. The amounts of radioactivity in the flow- 
through, washes, and eluates were determined. The ratio of 
bound/unbound was calculated, and the percentage of bind- 
ing of each mutant relative to the WTFc hinge fragment was 
determined. 

Results 

Expression and Analysis of Mouse 1 Fcy 1 Hinge Mutants 
65 Plasmids encoding the WT Fc hinge and mutants (Table 
XVIII) were constructed, and the proteins were expressed 
and purified using Escherdtia coli as a host. With the 
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exception of the H285A mutant, the residues that have been with lower serum IgG concentrations, and this may explain 

mutated are all in close proximity to the CH2-CH3 domain the longer half-lives of the Fc hinge fragments in the cases 

interface (Deisenhofer, 1981) and are also highly conserved above where direct comparisons have been made, 

in the IgG isotypes of both mouse and man (Kabat et al., Mutation of H435 in the CH3 domain has an effect as 

1991). As described previously, the radiolabled Fc hinge 5 marked as that induced by mutation of 1253 or H310 in the 

derivatives emerged essentially as single peaks with a reten- CH2 domain, clearly indicating that this CH3 domain resi- 

tion time corresponding to 55 kDa when analyzed on an duc P lavs ^ important role in building the catabolic site of 

s-250 column (Kim et al., 1994a). Taken together with ff 1 ' Furthermore, the ^H436Amulanl hasa half-lifeof49 

HPLC analyses, reducing and nonreducing SDS-PAGE ^^^^ H43 * 3 ™* ^tkT V™ 

analyses indicated that the Fc hinge derivatives are 10 1253, H310, or H43, m controllmg catabolism (Table XIX). 

expressed as a mixture of noncovalently linked and 
suifhydryl-linked homodimers. In addition, CD studies of 



TABLE XIX 



WT Fc-hinge 


11.9 r 0.2 


119.1 ± 11.5 


I253A 


9.0 £ 1.8 


26.2 * 1.9 


H285A 


10.8 r 3.0 


106.4 £ 11.7 


H310A 


5.8 * 0.2 


16.8 £ 1.2 


H433A 


9.6 ± 1.0 


114.8 * 10.8 


H433Av'N4340 


9.4 ± 1.1 


76.9 £ 10.3 


N434A 


9.0 ± 0.2 


110.0 £ 9.2 


N434Q 


11.7 * 0.3 


115.0 * 12.6 


H435A 


4.4 £ 0.2 


17.4 * 2.8 


H436A 


8.5 ± 0.3 


48.7 £ 2.4 



the Fc binge derivatives showed that the mutations did not Catabolism of recombinant Fc-hinge fhigments in BALB/c mice 

result in large scale changes in the structures of the recom- 
binant proteins. 15 Fo- hinge Fragment a- Phase Half-Life 0-Phase Half- Life 
Pharmacokinetic Analysis of the Fc Hinge Fragments 

Radiolabeled Fc hinge fragments were injected into mice, 
and the serum radioactivity was monitored at various time 
points following injection. For each Fc binge derivative, the 

etimination curves in different mice were similar. 20 

For each recombinant Fc hinge fragment, the scrum 
samples collected at the 24 h point from mice within one 
group were pooled and subjected to HPLC on an s-250 
column. For all the Fc hinge fragments, the majority of the 

radioactivity eluted as a single peak with a retention time 25 

corresponding to the molecular mass of the injected protein Matcrnofctal Transfer 

(55 kDa). In agreement with previous results (Kim et al., The analysis of the pharmacokinetics of the Fc hinge 

1994a), this indicates that the Fc hinge derivatives persist in fragments was extended to materoofetal transfer studies, 

serum as homodimeric molecules and are not proteolyticaUy The tran s fer of radiolabeled Fc hinge derivatives from the 

digested or associated with other serum proteins. Hie phar- 30 circulation of near-term pregnant SCID mice to the fetuses 

macokinetic parameters of the Fc hinge derivatives are w f s ™^ ed f b y ^asunng the protem-bound radioactivity 

shown in Table XIX and the a-phase represents the equili- takeD U P. \ fetuses of ™ e h ff T ^ { ™ l ° * e oa f 

, 4 . Lt _ .. .. , *1 , ^ present in the maternal blood during the 24-h interval used 

oration toe between the intra- and cxtravascnlar space, ^ ^ fa ^ ^ Ucr ^ . { was demonstralcd 

whereas the (J-phase represents the elimination of the equili- mal bQlh ^ and mutam fc ^ fragments are transferr ed 

brated protein from the intravascular space. Furthermore, 35 tQ tfae fctuses M ^ molecules (Me desan et al., 1996). 

during the a-phase, any misfolded protein molecules that differences in transfer do not appear to be duc to 

might be present in the recombinant protein preparations are differences in susceptibility to proteolysis of wt vs mutant 

eliminated; and therefore, the P-phasc represents the climi- molecules. The transmission of I253A, H310A, and H435A 

nation of correctly folded protein from the intravascular mutants was only approximately 10 to 20% that of the WT 

space. 40 Fc hinge or H285A, demonstrating the central role played by 

The data clearly demonstrate thai some mutations have a these residues in the maternofetal transfer of IgG. Thus, 

significant effect on the p-phase half-life of the correspond- these mutations have similar effects on maternofetal transfer 

ing Fc binge fragment Thus, mutation of H310 in the CI 12 and catabolism. However, the correlation between the 

domain has a marked effect on the catabolic rate (Table p-phase half- life and maternofetal transmission found for 

XIX). In contrast, mutation of H285, located in a loop on the 45 I253A, H310A, H433A, and H435A was not observed for 

external ; surface of the CH2 domain distal to the CH2-CH3 the H43CA mutant. Relative to WT Fc hinge, this mutant has 

interface (Deisenhofer 1981), has no effect on the catabolic a similar activity in maternofetal transmission but a shorter 

rate, and this is consistent with previous findings (Kim et al., half-life (Tabic XIX and FIG. 12A). 

1 994c). Simultaneous mutation of H433 and N434 decreases Intestinal Traasfer 

the p-phase half -life to 77 h (36% decrease), while single so 'l"he intestinal transmission of recombinant Fc hinge 

mutation at each of these positions yielded two mutants derivatives was analyzed by measuring their ability to 

(H433A and N434A) with the same half-life as the WT Fc inhibit the transfer of radiolabeled mlgGl across the intes- 

hingc. Substitution of N434 with glutaminc instead of ala- tinal barrier of neonatal mice (FIG. L2B). The results arc 

nine (N434Q) also yielded an Fc hinge fragment with a consistent with the data obtained for maternofetal transmis- 

half-life similar to that of the WT Fc hinge (Table A), 'Hie 55 sion of the I253A, H310A, and H435A mutants, indicating 

half-life of the H433A-N434Q mutant (76.9 h) is greater that the same receptor and mechanism of transmission are 

than the value reported previously (503 h) (Kim et al., involved in both transcytotic processes. However, the 

1994a), and this is also observed for the WT Fc hinge H436A mutant is transferred across the matcrnofctal barrier 

fragment (119 vs 82.9 h), H28A(106 vs 85 h), and IZ53A(26 of SCID mice almost as efficiently as the WT Fc hinge (FIG. 

vs 20 h). An explanation for these apparent discrepancies is 60 12A) and yet does not inhibit the transfer of mlgCl across 

that the BALB/c mice used in the present work (from Harlan the neonatal intestine as effectively. Thus, for this mutant, 

Laboratories) have an IgG concentration of 1.0±0.4 mg/ml the half-life and inhibition of neonatal transfer are reduced 

(average of 25 mice), which is considerably lower than that relative to the WT Fc hinge, and yet maternofetal transfer 

in BALB/c mice from the animal colony (4.6±0.8 mg/ml) appears to be unaffected, 

used in earlier studies (Kim et al., 1994a, 1994c). 'Hie 65 Affinity for FcRn 

concentration-catabolism relation (Mariani and Strober, The relative affinities of the recombinant Fc hinge frag- 

1991) predicts that the half -life of IgG will be longer in mice ments for binding to recombinant mFcRn were estimated by 
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measuring their ability to inhibit binding of [ 325 I]FcRn to and Natvig, 1973) and mouse IgG (Guyer et al., 1976) 

mlgGl -Sepharose (FIG. 13A). The data demonstrate that in isotypes, and therefore, it is not possible to hypothesize 

all cases, the mutants with short half-life and decreased about the effects of amino acid differences at positions 435 

activity in transcytosis assays (maternofetal and neonatal) and 436 on matemo fetal or neonatal transfer. In contrast to 

also have a lower affinity for binding to FcRn, with the 5 IgGs, IgM, IgE, and IgA have short serum half-lives and are 

exception of H436A. Despite a lower relative affinity for not transferred across the placental/yolk sac barrier or neo- 

FcRn, this mutant is transferred across the maternofetal natal gut (Zuckier et al., 1989; Wild, 1973). Consistent with 

barrier as efficiently as WT Fc hinge, and yet has a reduced these observations, none of the residues shown in this study 

serum half-life and activity in intestinal transfer assays. to be important for mediating the Fc-FcRn interaction are 

Binding to SpA 10 present in IgM, IgE, and IgA, although these three Ig classes 

It has been previously shown that the SpA binding site and of both humans and mice share significant homology with 

the catabolic site are located at the CH2-CH3 domain IgGs in other regions of the respective molecules (Kabat et 

interface of mlgGl (Kim et al., 1994a), and therefore, the al. t 1991). 

effect of mutations on the binding of the Fc hinge fragments 1253 is a highly exposed, hydrophobic residue that is 

to SpA were analyzed in direct binding studies (FIG. 13B). 15 conserved in all IgG molecules belonging to mammals 

The data indicate that H310A and H435A are greatly (Kabat el al, 1991). In this study mutation of this isoleucine 

impaired in SpA binding (9-12% of WT), whereas mutation to alanine resulted in considerable decreases in the serum 

of 1253 or H433 has a less marked effect (30-35% of WT). half- life and transcytosis across the maternofetal barrier or 

This study demonstrates that amino acid residues of the neonatal intestine. This clearly indicates that 1253 fulfills a 

CH2 domain (1253 and H310) and CH3 domain (H435 and, 20 key physiological role beyond binding to SpA(Deisenhofer, 

to a lesser extent, H436) are involved in regulating the 1981). The amino acid residues flanking 1253 are involved 

transcytosis and serum persistence of mlgGl. Although this in the binding of human Fc to SpA(Ueisenhofer, 1981), and 

conclusion is drawn from the analysis of recombinant Fc their participation in the binding of FcRn cannot be 

hinge fragments that are expressed in an aglycosylated form, excluded. Thus, M252 is highly conserved in all IgG iso- 

earlier studies demonstrated that the WT Fc hinge fragment 25 types of mouse, rat, guinea pig, rabbit, and human with a few 

has the same (3-phase half-life (Kim el al., 1994a) and exceptions, such as mlgGl and rat IgGl/IgG2a, for which 

activity in transcytosis assays (Kim et al., 1 994b) as threonine replaces methionine (Kabat et al., 1991). 

complete glycosylated mlgGl, indicating that for this iso- Similarly, position 254 is occupied by serine for all isotypes 

type it is valid to extend studies with aglycosylated Fc hinge and species except the above-mentioned mouse and rat 

fragments to complete IgGs. Thus, residues in both domains 30 isotypes that have threonine at this point. These changes in 

play a key role in the two processes thai involve FcRn- positions 252 and 254 may correlate with longer half-life 

mlgGl interactions. This conclusion may appear to contra- and more efficient transcytosis of mlgGl compared with the 

diet an earlier statement that mutations in the CII2 domain other isotypes. 

have a more marked effect than mutations in the CH3 For all mutants except H433A and H436A, binding to 

domain (Kim et al., 1994a; 1994c; 1994b; Medesan et al, 35 FcRn and SpA is impaired to a similar degree. H433Ahas 

1996). However, in these earlier studies only the effect of reduced SpA binding relative to WT Fc hinge, but is 

simultaneous mutation of both H433 and N434 on unaffected when interacting with FcRn. Conversely, the 

transcytosis/catabolism was analyzed, and this indicated a II436A mutation has the opposite effect. Thus, although the 

minor role for these residues. In the current analysis, muta- SpA and FcRn interaction sites overlap, the overlap is not 

tion of each of these two amino acids individually has 40 complete and the "footprints" of SpA and FcRn on mlgGl 

insignificant effects on both transcytosis and catabolism. The are distinct. This is also consistent with the differences in pH 

most plausible explanation for the observed effects of muta- dependence that are observed for the FcRn-mlgGl and 

tion of both 1 1433 and N434 is that simultaneous mutation SpA-mlgGl interactions (Wallace and Rces, 1980; Rodc- 

of these two amino acids causes a local perturbation in the wald and Krachenbuhl, 1984; Ey et al., 1978). 

orientation of the adjacent histidine (H435), which, in con- 45 The pH dependence of the interaction between IgG and 

trast to H433 and N434, plays a critical role in the FcRn- FcRn (binding at pH 6-0.5 and release at pH 7-7.5) 

mlgGl interaction. (Wallace and Rees, 1980; Rodewald and Kraehenbuhl, 

Further analysis of the region encompassing I I310 and 1984) falls in the range of the pK value of the imidazole side 

Q31 1 , which had previously been analyzed in the context of chains of histidine. Taken together with the data from this 

simultaneous mutation of H310, Q311 to A3 10, N311, 50 study, this information suggests that the marked pH depen- 

demonstrates the central role of H310 in the FcRn-mlgGl deuce of the IgG -FcRn interaction is determined by the 

interaction. Mutation of H310 to alanine has an effect that is surface accessible histidine residues at positions 310, 435, 

as marked as that seen for the II310A/Q311 N mutant and 436 located at the interface of the CI 12 and CI 13 

a nalyzed earlier, and for this reason the effect of muta tion of domains and this conclusion is in accord with data of 

Q311 alone was not investigated in the current study. In 55 tijorkman and colleagues, indicating that for m IgG 2a there 

contrast to 1253, H310, and H435, H436 plays a more minor are three titratable residues in the pH range of 6.4 to 6.9 

role in maintaining serum IgG levels and transcytosis. Both (Raghavan et at., 1995). Consistent with these studies 

1253 and H310 arc highly conserved in all murine and (Raghavan ct al., 1995), analysis of the H310A mutant 

human IgG isotypes (Kabat etal., 1991), whereas H435 and demonstrates that H310A plays a role in mediating the 

H436 show a lesser degree of conservation (Y435, Y436 in 60 Fc-FcRn interaction both in vitro and in vivo. In contrast, 

mlgG 2b; L436 in a mIgG2a allotype; Y436 in human IgG 1, however, analysis of H433A and H435A shows that for 

IgG2 t and IgG4, F436 in human IgG3 and R435 in a human mlgGl, mutation of H435 to alanine results in a loss of 

IgG3 allotype). These sequence differences might account affinity for FcRn, whereas H433 does not play a role in FcRn 

for the shorter serum half-lives of mlgG 2b and human IgG3 binding. Furthermore, mutation of H436 to alanine results in 

(Ward and Ghetie, 1995) relative to other IgG isotypes. To 65 an Fc hinge fragment that has reduced affinity for FcRn. 

date, there are no consistent data available concerning the Thus, the histidines that play a role in mediating the high 

relative transcytotic activities of different human (Melibye affinity of the mlgGl -FcRn interaction are H310, H435, and, 



US 6,277,375 Bl 



61 



62 



lo a lesser extent, H436. The reasons for the apparent 
differences in H433 and H435 between these data and those 
of others (Raghavan et al., 1995) are not clear, bin in the 
latter study different isotypes (mIgG2a, mIgG2b, and human 
IgG4) with consequent sequence differences in the residues 
both at and in proximity to the FcRn interaction site were 
used. Thus, it is conceivable that in the context of differences 
in the sequences of surrounding residues, the relative roles 
of II433 and H435 arc distinct in different isotypes. 

The close correlation between the effect of mutations of 
the Fc hinge fragments on pharmacokinetics, transcytosis 
across neonatal brush border/yolk sac, and affinity for FcRn 
(Table XX) supports the concept that FcRn is involved in all 
these processes (Ghetie et al., 1996; Junghans and Anderson, 
1996). This is also consistent with studies showing that in 
mice lacking FcRn due to loss of p 2 m expression, IgGs have 
decreased intestinal transmission (Israel et al., 1995; Zijlstra 
ct al M 1990) and abnormally short scrum half-lives (Ghctic 
et al., 1996; Junghans and Anderson, 1996). For both the 
control of catabolism and transcytosis, it has been hypoth- 
esized that only the IgG molecules bound to FcRn are 
protected from degradation and reenter the circulation 
(catabolism) or traverse the yolk sac/neonatal intestine 
(transcytosis) (Brambell et al., 1964). FcRn was first iden- 
tified as a functional protein in tissues of different species 
(placenta, yolk sac, and brush border of neontal intestine) 
involved in the transmission of antibody from" mother to 
fetus or neonate (Wallace and Rccs, 1980, Rodcwald and 
Krachenbuhl, 1984; Roberts el al., 1990, Simister et al., 
1996; Kristoffersen and Matre, 1996; Leach et al., 1996). 
More recently, mouse FcRn u-chain mRNA has been iso- 
lated from organs not involved in maternal transmission of 
IgGs, such as liver, lung, heart, and spleen (Ghctic ct al., 
1996). Rat and human homologies of FcRn have also been 
found to be ubiquitously expressed at the mRNA level 
(Story et al., 1994; Simister and Mostov, 1989b; Blumberg 
et al., 1995). This strongly suggests that FcRn might be 
synthesized by the endothelial cells within these organs. 
Consistent with this, FcRn a-chain mRNA (Ghetie et al., 
1996) and the corresponding protein have been isolated from 
cultivated mouse endothelial cells (SVEC), suggesting that 
endothelial cells might be the site of IgG catabolism. The 
isolation of a human homologue of FcRn from human 
placenta (Simister et al., 1996; Kristoffersen and Matre, 
1996; Leach et al., 1996) that is ubiquitously expressed in 
adult tissues (Story et al., 1994) together with the high 
degree of conservation of 1253, H310, and H435 in human 
IgGs (Kabat et al., 1991) indicate that the same mechanisms 
of matemofetal transfer and homeostasis of serum IgGs are 
operative in humans. Understanding these processes in 
molecular detail has implications both for the modulation of 
the pharmacokinetics of therapeutic IgGs and for the 
enhancement of matemofetal transfer of IgGs that might be 
of value in passive immunization of fetuses. 

TABLE XX 

Pearson's Correlation Coefficient Test 



Intestinal 
Catabolism Transfer 



Affinity toi Protein A 
FcRn Binding 



Matemofetal r - 0.8703 r - 0.8928 r - 0.835S 1 r - 0.8838 

TraraOTiwion p - 0.0)49 p - 0.002K p - 0.(XW7 p - 0.0036 

Cataholism r - 0.9450 r - 0.977*} r - 0.7107 

p - 0.0004 p - 0.00003 p - 0.0482 

Intestinal r - 0.9531 p - 0.8361 

Transfer p - 0.00025 p « 0.0097 



TABLE XX-continucd 




Pennon's Correlation Coefficient Test 




5 


Intestinal Affinity for 
Catabolism Transfer FcRn 


Protein A 

Binding 


Affinity for 
FcRn 




' t - 0.7709 
p - 0.0251 



10 ■Correlation coefficient excluding values obtained for 1 143 6 A: r - 0.9917; 
p - 0.00001. 

The pH dependence of the FcRn-IgG interaction (Wallace 
and Rees, 1980; Kodewald and Krachenbuhl, 1984) suggests 
that the subcellular site (cell surface or intracellular 

15 compartment) at which binding occurs differs for neonatal 
transcytosis and matemofetal transfer/control of catabolism, 
as discussed previously (Ghetie et al., 1996). Other 
unknown factors, such as the rate of recycling in these 
different cellular compartments, may also play a role in 

20 detennining the effective concentration of FcRn. These 
differences between the processes and the cell types 
involved, despite the involvement of a common receptor, 
may explain the behavior of the H436A mutant, for which 
the half-life, intestinal transfer, and affinity for FcRn do not 

25 correlate with the matemofetal transmission as closely as for 
the other mutants. A further explanation for the anomalous 
effects of the H436A mutation might be as follows: mutation 
of H436 to alanine does not have as marked an effect on 
catabolism, inhibition of intestinal transfer, and binding to 

30 FcRn as those observed for I253A, H310A, and H435A, and 
in contrast to the other three assays, the matemofetal transfer 
assay is conducted in the absence of competition by endog- 
enous IgGs using SCID mice. Thus, in this situation the 
effect of this mutation on matemofetal transfer only mani- 

35 fests itself if an analysis of the time course of transmission 
is conducted or if transfer is analyzed in the presence of 
endogenous competing IgGs in, for example, BALB/c mice. 
In contrast, for mutants such as 125 3A, H310A, and H435A 
that have lower affinity than H436A for binding to FcRn in 

40 competition assays, the low activities in all three in vivo 
assays (catabolism, matemofetal transfer, and inhibition of 
neonatal transcytosis) correlate closely. 

In summary, this study has resulted in the unequivocal 
identification of a role for three highly conserved histidines 

45 of mlgGl (H310, H435, and, to a lesser degree, H436) in the 
control of catabolism and maternofetal/neonatal transcyto- 
sis. Thus, taken together with earlier data implicating 1253 
in these processes, these residues are critical for the FcRn- 
mlgGl interaction. This study further extends the evidence 

50 in support of the involvement of FcRn in both transcytosis 
and catabolism, and has relevance to understanding the 
molecular mechanisms that regulate these essential func- 
tions of IgGs. 

55 EXAMPLE 10 

The power of bacteriophage display for the affinity 
improvement of antibodies for binding to cognate antigen 
has already been demonstrated. In this study, the system will 
be used to express mutated Fc fragments and to select for 

60 higher affinity variants for binding to FcRn. For this work, 
milligrams quantities of soluble FcRn (sFcRn) are used and 
the WT Fc fragment is expressed in functionally active form 
on the surface of phage. 
Strategy for Mutagenesis 

65 Previous work has indicated that He 253, His3lO, His433, 
Asn434, His435 and His436 play a role, either directly or 
indirectly, in binding to FcRn (Kim et al, 1994a; 1994b; 
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Medesan et al., 1997 and Example 9). Residues flanking 
these key residues, and have side chains that, from the X-ray 
structure of human IgGl (Deisenhorfer, 1981), are most 
likely exposed in the vicinity of the CH2-CH3 domain 
interface were selected for random mutagenesis. 
Furthermore, these residues should not be conserved within 
and across species (e.g. in mice compared with humans), 
suggesting that they are not (directly) involved in catabolism 
control and transcytosis (or some other important functions 
of IgGs). Examples of such residues for the murine IgGl 
isotype are f in EU numbering (Edelman et al., 1969), 
Thr252, Thr254, 'i*hr256 (see Example 4 for analysis), 
Met309, Gln311, Asn315 in the CH2 domain and His433 
and Asn434 in the CH3 domain. 

Prior to random mutagenesis, the effect of mutating each 
of these residues to alanine on binding of the Fc fragment to 
sFcKn is analyzed. If any of these residue changes tower the 
affinity by more than 10-fold, they are not mutated ran- 
domly. However, most of these residues listed above are not 
highly conserved (Kabat et al., 1991) and it is therefore 
believed that they are likely to play a key role in the Fc:FcRn 
interaction and by extension, in control of catabolism and 
IgG transcytosis. As IIis433 and Aso434 arc highly exposed 
on a loop protruding from the CH3 domain (Deisenhofer, 
1981), there are few flanking residues that would be pre- 
ferred candidates for mutagenesis. A greater number of 
mutations are made in the CH2 domain than in the CH3 
domain. 

These residues are randomly mutated in groups of 2-6 
(for example, Gln309/Arg315 random mutants are com- 
bined with Thr252, Thr254 and Thr256 random mutants) 
using oligonucleotides that match the flanking codons pre- 
cisely but insert random bases in the codon positions cor- 
responding to the residues mutated. For insertion of mutated 
codons that are distal to each other, within the same Fc gene, 
two rounds of PCR™ are used with two or more different 
oligonucleotides. The random bases in the oligonucleotides 
arc designed so that the wobble position of the codon end in 
A and to avoid biases towards particular amino acids, C may 
also be removed from the wobble position (as described by 
Hoogenboom and Winter, 1992). Mutated genes are cither 
assembled by splicing by overlap extension (Horton et al., 
1989) or by using unique restriction sites (if located in the 
proximity of the mutation site). Following mutagenesis, 
approximately 20 clones made using each mutagenic oligo- 
nucleotide are sequenced using the dideoxynucleotide 
method (Sanger et al., 1977). Expression levels of approxi- 
mately 20 clones arc analyzed using the anti-myc antibody 
9E10 and immunoblotting as described previously (Ward et 
al, 1989). 

Selection of Mutants with Higher Affinity for Binding to 
FcRn 

Two strategics for selection of higher variants from librar- 
ies of mutated Fc genes are used. In the first, mutated genes 
are assembled in pHENl (Hoogenboom et al., 1991) and 
used to transfect E. coli TGI. As indicated above, the 
leakiness of suppression results in both soluble Fc and phage 
bound Fc fragments being exported from the recombinant 
cells, and these should assemble as ho modi me rs on the 
surface of phage. Phage bearing Fc fragments (*Fc -phage 1 ) 
are propagated, concentrated by polyethylene glycol pre- 
cipitation and panned on sFcRn coated Dynabeads/Ni**- 
NTA-ag arose as described previously (Marks et al., 1991; 
Ward, 1977; Popov et al., 1995). sFcRn are purified from 
baculovirus infected insect cells as described previously 
(Popov et al., 1996). Rounds of panning followed by phage 
propagation should result in enrichment for higher affinity 



binders. In addition, to select for higher affinity variants, 
procedures analogous to that described by Winter and col- 
leagues (Hawkins et al., 1992) arc used; first, phage arc 
mixed with small amounts of soluble biotinylated sFcRn (<1 

5 i*g) such that the antigen is in excess over the phage but at 
a concentration lower than that of the dissociation constant 
that is required (7.8 nM; Raghavan et al., 1994). sFcRn 
bound Fc-phage particles arc then used, and Ni 2+ -NTA- 
agarose added to separate sFcRn bound phage. Second, to 

to select for Fc fragments with lower off rates, Fc-phage 
particles are preloaded with biotinylated sFcRn and then 
diluted in to excess unlabeled antigen for variable times 
prior to addition of streptavidin coated beads as described 
previously (Hawkins et al., 1992). Alternatively, the selec- 
ts tion method used in Example 4 is utilized. 

All binding steps are carried out at pH C and bound phage 
eluted at pH 7.4 prior to infection of exponentially growing 
E. coli TGI cells. Following several rounds of panning, the 
host strain are switched to the non-suppressor strain E. coli 

20 HB2151 (Marks etah, 1991). The Fe variants are analyzed as 
soluble secreted Fe fragments in ELISAs with sFcRn coaled 
plates, using biotinylated Fab fragments derived from the 
anti-myc tag antibody, 9E10, for detection (note, the com- 
plete 9E10 antibody is not used as this is a murine IgG 1 

25 antibody and competes with Fe fragments for binding to 
FcRn). For this, Fe fragments are purified from recombinant 
£. coli cells using the c-myc tag as an affinity purification tag 
(Marks et al., 1991; Popov ct al., 1995); alternatively, the 
genes are recloned as NcoI-NotI fragments into a vector 

30 derivative of VpppelBHis (Ward, 1992) with an in-frame 
polyhislidine tag for purification using Ni 2+ -NTA-agarose. 
For detection of His 6 tagged proteins, the Fe fragments are 
biotinylated prior to use (Amcrsham bio tiny lation kits). All 
binding steps in ELISAs are carried out at pH 6. 

35 As the murine Fc fragment is expected to have a high 
aifinily for binding to FcRn (by analogy with the rat FcRn;Fc 
interaction), it may be difficult to select variants with 
increased affinity for the FcRn:Fc interaction, particularly if 
there are two functional binding sites per Fc (increasing the 

40 avidity). Thus, an approach based on earlier Fc-hybrid work 
(Kim et al., 1994c) is taken. The Fc-hybrid comprises a 
heterodimer of one WT Fe polypeptide associated with one 
mutant (I1Q-310/HN-433) and has a reduced binding affinity 
due to loss of avidity, as the HQ-310/HN-433 mutant binds 

45 FcRn poorly (Kim et al., 1994b; Popov et al, 1996b). Thus, 
co-expression of randomly mutated WT Fe fragments with 
HQ-310/HN-433 may facilitate the selection of higher affin- 
ity variants which bind strongly to FcRn as monomers. Such 
mutants can subsequently he expressed as horrlodimers and 

50 their affinities as bivalent fragments determined. 

Randomly mutated Fe fragments (derived from WT Fe) 
are ligated into a modified version of pHEN 1 that has the 
stop codon removed by sitc-dircctcd mutagenesis (Zollcr 
and Smith, 1982). Thus, following transformation into E. 

55 coli all random mutants are expressed as cplll linked 
fusions. E. coli is also co-transformed with a plasmid made 
previously by ligating the HQ-310/HN-433 Fc gene into 
pBGS19 (a derivative of pUC119 that confers kanamycin 
resistance; Spratt et al., 1986). Double transfectants are 

60 selected on ampicillin plus kanamycin plates (as described 
by Kim et al., 1994c; Riechmann et al., 1988) and phage 
propagated, concentrated by polyethylene glycol precipita- 
tion and panned on sFcRn coated Dynal beads/Ni 2+ -NTA- 
agarose using the approaches for the selection for higher 

65 affinity variants described above. 

To express higher affinity variants as soluble secreted 
proteins, the genes are recloned into pHENl and expressed 
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using E. coli HB2151 as host. Alternatively, the genes are 
cloned into the VPpelBHis (Ward, 1992) derivative to allow 
purification using Ni^-NTA-agarosc as above. ELISAs are 
also carried out as above. 

Affinity Measurements of Higher Affinity Variants 

Fc mutants with higher affinity for FcRn are purified from 
recombinant E, coli cells using the c-myc epitope or poly- 
histidine peptide as an affinity purification tag as described 
previously (Ward, 1992; Marks et al., 1991; Popov el al, 
1995). The affinities of these Fc fragments for binding to 
sFcRn are determined using surface plasmon resonance 
(SPR) and the B Acore (Karlsson et al., 1991). *I"his approach 
has been used to analyze antibody-antigen interactions 
(Ward, 1995; Borrebaeck et al., 1992), and Bjorkman and 
colleagues have characterized the interaction of IgG with rat 
FcRn using SPR (Raghavan el al., 1994; Popov cl al, 
1996b). 

Studies are carried out to determine both the equilibrium 
binding constant and the kinetic dissociation constant (Kd- 
k^/k^n, where k^and k^ are off and on rates, respectively). 
Purified sFcRn are directly coupled to a CMS chip 
(Pharmacia) using the standard amine coupling procedure. 
For chemical coupling, sFcRn are coupled in 10 mM acetate 
buffer (pH 55) at 20 Mg/ml. Initially, both types of sensor 
chip are used and the relative amount of correctly folded 
sFcRn bound are determined using either murine IgGl or 
WT Fc. Fc fragments are transferred to BIAcore running 
buffer (10 mM HEPES, 3.4 mM EDTA, 150 mM EDTA, 150 
mM NaCl and 0.05% P20, pH 7.4) using either a desalting 
column or dialysis and initially used in a concentration range 
of 0.05-0.5 mg/ml. These fragments are also purified by size 
exclusion (HPLC) immediately prior to use to remove 
aggregates, as this is essential to avoid artifacts. Flow rates 
of 5-30 /d/min are used. 

As an alternative assay format, Fc fragments are coupled 
to CM5 chips as above, and sFcRn in BIAcore running 
buffer is initially used in the concentration range of 0.05-0.5 
mg/ml. Initial studies arc carried out to analyze the interac- 
tion between sFcRn and complete IgGl/WTFc and are then 
extended to analysis of the mutant Fc fragments that puta- 
lively have higher affinities. 

Pharmacokinetics of Maternal-fetal and Intestinal Transfer 
of Fc Mutants 

The methodology as described above in the preceding 
Examples is used. 

Incorporation of Higher Affinity Mutation into IgG2a 

Of the murine isotypes, IgG2a is the most efficient at 
ADCC and also carries out complement mediated lysis 
effectively (Herlvn and Koprowski, 1982; Bindon et at., 
1988). The catabolic site residues Ile253, His310, His435 
and His436 arc also present in IgG2a (Table I) and consistent 
with this, the half lives of IgGl and IgG2a are similar 
(Pollock ct al., 1990). Thus, to improve the transcytosis and 
serum persistence of this isotype, the same mutations that 
are found to result in improved transcytosis and serum 
persistence of IgGl are incorporated into a recombinant Fc 
fragment derived from the Y-3Phybridoma (IgG2a; Janeway 
et al., 1984). Recombinant Fc fragments arc purified and 
analyzed using the same methods as those described in 
previous Examples. 

Analyses of the Effect of the Mutations on Complete Gly- 
cosylated IgGs 
The IgGl Isotype 

A construct for the expression of the murine IgGl anti- 
body (anti -arson ate) is tailored using the PCRIM with 
suitable restriction sites for ligation into pRLl (Riechmann 
et al., 1988) and used to transfect myeloma NSO cells. In 



addition, mutations of Fc fragments that result in higher 
affinity binding to FcRn, increased transcytosis and, 
possibly, improved serum persistence are incorporated into 
the Fc gene of this construct using site-directed mutagenesis 

5 (Zoller and Smith, 1982). All mutants are sequenced (Sanger 
et al., 1 977) prior to expression analysis to ensure that there 
are no second site mutations. 

Stable transfectants arc generated by electroporation of 
NSO cells followed by selection using mycophenolic acid as 

to described previously (Riechmann et al., 1988) or more 
preferably by using the baculovirus system to transfect 
insect cells as described in Example 8. 'Ibis latter system is 
preferred as it is faster. For NSO cell trasnfections, clones 
are isolated by limiting dilution and the expression levels of 

15 individual clones is determined by pulsing the cells with 
^S-methionine followed by SDS-PAGE of culture supcrna- 
tants. PAGE gels are dried down and autoradiographed. 
IgGl mutants are purified using arsenate (Ars)-Scpharose or 
protein A-Sepharose (however, it is conceivable that the 

20 mutations that result in higher affinity binding to FcRn have 
a detrimental effect on protein A binding, and therefore the 
use of Ars-Sepharose may be preferable). The WT and 
mutant IgGl antibodies are radiolabeled and used in 
pharmacokinetic, maternal-fetal transfer and intestinal trans- 

25 fer studies as described (Kim et al, 1994a; Kim et al., 
1994c). 
Other Isotypes 

The genes encoding murine isotypes (or mutant 
derivatives) other than IgGl are used to replace the IgGl 

30 constant regions in the expression construct described 
above. These constructs are used to transfect NSO cells and 
Ars specific antibody purified using Ars-Sepharose or SpA- 
Scpharosc. Alternatively, complete glycosylated IgGs arc 
expressed in the baculovirus system as described in Example 

35 8 for murine IgG2b. These antibodies are used in 
pharmacokinetic, maternal- fetal transfer and intestinal trans- 
fer studies as described above. 

Mutations at the CI I2-C1I3 Domain Interface and Effects on 
Complement Fixation and ADCC 

40 If the mutant antibodies are to be used in therapy with 
their own functions (complement fixation and ADCC), it is 
important to ensure that if they bind to FcRn with higher 
affinity and, as a consequence, arc transcytoscd more 
efficiently, and have longer serum persistence, they also 

45 retain their original properties with respect to ADCC and 
complement fixation. Murine IgG2a and 2b are most effec- 
tive at complement fixation and ADCC (Herlyn and 
Koprowski, 1982; Bindon ct al., 1988) and therefore it is 
particularly important to check that these have not last 

50 activity. In contrast, murine IgGl is relatively inactive in 
these two effector functions (Herlyn and Koprowski, 1982; 
Bindon et al., 1988). The following assays are therefore 
carried out; 

Complement Mediated Lysis 

55 Methodology similar to that described by Duncan and 
Winter (1988) is used. Sheep red blood cells (RBCs) are 
washed in PBS and resuspended at 10? cells/mi. Arsonate is 
coupled to the cells by adding -p-azobcnzcncarsonatc-L- 
tyrosine-t-Boc-N-succinimide using previously described 

60 methodology (Harlow and Lane, 1988). Cells are washed 
three times in complement fixation diluent (CFD) and resus- 
pended at 10 s cells/ml. Cells are labeled by incubation with 
Na 31 Cr0 4 (0.2 mis per ml of cells, specific activity, 1-10 
mCi/ml) for 4 hours at 37° C. Serial dilutions of antibody 

65 (wild type and mutants) are made in CFD in flat bottom 
wells of 96 well plates. Fifty microliters of a 1:10 dilution 
of guinea pig serum and 100 /d derivatized labeled cells are 
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added to each well. Results are expressed using the follow- vide a background for or teach methodology, techniques, 

ing formula: and/or compositions employed herein. 

U.S. Pat. No. 3,791,932. 

_ . (ohwvcd release - spontaneous rrlease.i in _ U.S. Pat. No. 3,949,064. 

Specific 31 Cr release = — ■ — xlOO „ w . 

total incxjtpoiaied activity 5 U.S. Pat. No. 4,174,384. 

U.S. Pat. No. 4,554,101. 

ADCC U.S. Pat. No. 4,578,770, 

Essentially the methodology of Sarmay and colleagues J{ ^ £ at " !* a 

(1992) is used. Murine or chicken RBCs are derivatized with u ~* ™- * a *^„'ff , 

arsonate and pulsed with Na 51 Cr0 4 as described above, 10 us * Pat ' Na 4,599,231 

Serial dilutions of WT and mutant antibodies arc added to us * Pat - No - 4,601,903 

wells of 96 well plates (containing 10 5 cells/well) and u s - Pat - No - 4,603,102. 

effector cells added to the target cells in ratios ranging from U.S. Pat. No. 4,608,251 

0.5-5 (effector:target). As effector cells, mouse peritoneal Adelman, Hayfiick, Vasser, Seebury, DNA, 2/3:183-193, 

macrophages or P388D1 cells activated with IFN-v(Nathan 15 1983. 

etal., 1 983) are used. Cells are incubated for 12 hours at 37° Ahouse, Hagennan, Mittal, Gilbert, Copeland, Jenkins, 

C. and specific 5I Cr release determined as above. Simister, "Mouse MHC Class I-like Fc receptor encoded 

EXAMPLE n outside the MHC,"/. Immunol, 151:6076-6088, 1993. 

_. , , ., _ , _ , .. . . Ames, Prody, Kustu, "Simple, rapid and quantitative release 

This example desenbes Fab fragments which have much 2Q of periplasmic proteins by ch i oroform /> j. Bacterial., 

longer serum persistence than F(ab ) 2 fragments that do not 160 1181-1183 1984 

bind to FcRn. These fragments represent non-Fc ligands that Amit Mariuzza Phillies Poliak. Science ^33 747-757 

bind to FcRn, with a range of affinities, and have longer Amit Manuzza, Phillips, Foljak, Science, .33.747-7^2, 

serum persistence. Isolation of F(ab') 2 fragments that have . ^ . . , . 

long serum persistence New Zealand white rabbits were **** and Webste /> ^atabohsm , and biology properties of 

immunized subcutaneously with soluable, recombinant 25 two sp ecies of rat Ig G2a fragments, J. Immunol, 

FcRn (Popov ct al., 1996b) using 100 /*g FcRn emulsified in 118:395^KK>, 1977. 

incomplete Freund's adjuvant for subsequent injections at Batra, Kasturi, Gallo, Voorman, Maio, Chaudhury, Pastan, 

two weekly intervals until a suitable anti-FcRn titer had been u Insertion of constant region domains of human IgGl into 

reached . Polyclonal sera was then isolated and IgGs purified CD4-PE40 increases its plasma half life," Mol Immunol, 

using protein A-Sepharose (Pharmacia, Piscataway, N.J.). 30 30:379-386, 1993. 

The IgGs were digested with pepsin to generate Ffab'^ and Better, Chang, Robinson, Horwilz, Scie nee, 240:1041-1043, 

Fe fragments, and purified F(ab') 2 fragments separated from 1988. 

Fe and any undigested IgG using protein A-Sepharose. Bhat, Bcntlcy, Fischmann, Boulot, Poljak, Nature, 

Anti-FcRn F(ab') z fragments were purified using FcRn- 347:483-485, 1990. 

Sepharose and then absorbed using MHC class I expressing 35 Bindon, Hale, Waldmann, "Importance of antigen specificity 

RMA cells to remove cross-reactive ami-MHC class I f or complemenl-medialed lysis bv monoclonal 

F(ab') 2 fragments. F(ab% fragments that do not bind to antibodies," Eur. J. Immunol., 18:1507-1514, 1988. 

FcRn ("control" F(ab') 2 ) were obtained from preimmune Blumbcrg, Koss, Storv, Barisani, Polischuk, Lipin, Pablo, 

sera of rabbits using the same methc<is for purification of Green> major ^0^^^ complcx 

IgGs followed by 'digestion with pepsin. Both F(ab') 2 prepa- ^ dass Fc t0f for , G Qn fat be tocytes » L 

rations were radiolabeled with Iodogen, as described rr r 0 - 9V7Q 10Q c 

previously, and used in clearance studies in SWISS mice _ ™ T m , I ^ \ • u , «, a 

(3-4 mice per group). 'Ine p phase half lives were 24.6*3.6 Bontbtcck, Malmborg, Furebrmg Michaelsson, Ward, 

hours for the control F(ab% Mnd 78.2*4.8 for the anti-FcRn Damcteon. Oblin, "Kinetic analysis of recombinant 

F(ab%. Clearly the anti-FcRn F^b'^ fragments (or, most antibody-antigen interaction: relation between structural 

likely^ a subset of the F(ab*) 2 within the polyclonal 45 domains and antigen binding," Bioltechnol, 10:697-698, 

population) had long serum persistence that approaches the 1992. 

p phase half life of murine IgGl or Fc-hingc in the same Borst et al., Nature 325:683-688, 1987. 

strains (about 120 hours). Brambcll, "The transmission of immunity from mother to 

While the compositions and methods of this invention y° un 8 and tne catabolism of immunoglobulins," Lancet, 

have been described in terms of preferred embodiments, it 50 " : 1087-1093, 1966. 

will be apparent to those of skill in the art that variations may Brambcll, Heminings, Morris, "A theoretical model of gam- 
be applied to the composition, methods and in Ihe steps or maglobulin catabolism", Nature, 203:1352-1355:1964. 
in the sequence of steps of the method described herein Brenner ct al., Nature 322, 145-149, 1986. 
without departing from the concept, spirit and scope of the Brooks, Yuan, Uhr, Krammer, Vitetta, Nature, 302:825, 
invention. More specifically, it will be apparent that certain 55 ^9S3. 

agents which are both chemically and physiologically Burmcister, Gastincl, Simister, Blum, Bjorkman. "Crystal 

related may be substituted for the agents described herein structure at 2.2 A resolution of the MHC-related neonatal 

while the same or similar results would be achieved. All Fc receptor," Nature, 372:336-341, 1994a. 

such similar substitutes and modifications apparent to those Burmeister, Huber, Bjorkman, "Crystal structure of the 

skilled in the art are deemed to be within the spirit, scope and 60 complex of rat neonatal Fc receptor with Fe," Nature, 

concept of the invention as defined bv the appended claims. 372:379-383, 1994b. 

All claimed matter can be made without undue experimen- Canfield and Morrison, /. Exp. Med., 173:1483, 1991. 

lat i 0D Carter, Bedouelle, Winter, Nucleic Acids Res., 

13:4431-4443,1985. 
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SEQUENCE LISTING 



<160> NUMBER OF SEQ ID NOS: 39 

<210> SEQ ID NO 1 
<211> LENGTH: 33 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE : 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 1 

atcaccatgg ccggcagacc gaaggctcca cag 33- 



<210> SEQ ID NO 2 
<211> LENGTH: 34 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Deacription of Artificial Sequence: Synthetic 
Primers 

<4 00> SEQUENCE: 2 

tacaggtgac cttaccagga gagtgggaga ggct 34 



<210> SEQ ID NO 3 

<211> LENGTH: 32 

«212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Deacription of Artificial Sequence i Synthetic 
Primers 

<400> SEQUENCE! 3 

atcaccatgg ccgtgcccag ggattgtggt tg 32 



<210> SEQ ID NO 4 

<2U> LENGTH: 31 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE : 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
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-continued 



Primer b 



<400> SEQUENCE: 4 



atcaggtgac cttggttttg gagatggttt t 



31 



<210> SEQ ID NO 5 
<211> LENGTH: 33 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 5 

atcaccatgg ccgaagtatc atctgtcrttc ate 33 



<210> SEQ ID NO 6 
<211> LENGTH: 17 
<212> TYPE i DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 6 

tctggctcct ccgtgct 17 



<210> SEQ ID NO 7 
<211> LENGTH: 35 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 7 

atcatctaga tttttttgtt ggggccaaat ttatg 35 



<210> SEQ ID NO 8 
<211> LENGTH: 39 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION : Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 8 

atcaccatgg ceggtaggat gcgcagcggt ctgccagcc 39 



<210> SEQ ID NO 9 
<211> LENGTH: 34 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 9 

atcagtcgac cttggaagtg ggtggaaagg catt 34 



<210> SEQ ID NO 10 
<211> LENGTH: 38 
<212> TYPE : DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<221> NAME/KEY: modified_base 
<222> LOCATION: (21).. (34) 
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-continued 

<223> OTHER INFORMATION: N - A, G, C or T 
<220> FEATURE : 

<221> NAME /KEY: modifiedjjase 
<222> LOCATION: (20) 
<223> OTHER INFORMATION : S - G or C 
<220> FEATURE : 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 10 

caacacacgt gaccttagcs nncagsnnaa tsnngagc 38 



80 



<210> SEQ ID NO 11 
<211> LENGTH: 13 . 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION : Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE ( 11 

gtcacgtgtg ttg 13 



<210> SEQ ID NO 12 
<211> LENGTH: 19 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 12 

gctcctcccg gggttgcgt 19 



<210> SEQ ID NO 13 

<211> LENGTH: 23 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 

Primers 

<220> FEATURE: 

<221> NAME/KEY: modified.base 

<222> LOCATION: (22).. (23) 

<223> OTHER INFORMATION: N « A, G, C or T 

<400> SEQUENCE: 13 

caggaagctg acccctgtgg gnn 23 



<210> SEQ ID NO 14 
<211> LENGTH i 23 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 

Primers 
<220> FEATURE: 

<221> NAME /KEY : modified.base 

<222> LOCATION: (22).. (23) 

<223> OTHER INFORMATION: N - A, G, C or T 

<400> SEQUENCE: 14 

ttccgtctca ggccactccc cnn 23 



<210> SEQ ID NO IS 
<211> LENGTH: 24 
<212> TYPE: DNA 

<213> ORGANISM: Artificial sequence 
<220> FEATURE: 
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-continued 

<223> OTHER INFORMATION : Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 15 

tcaggaagtg gctggaaagg catt 24 

<210> SEQ ID NO 16 

<211> LENGTH: 21 

<212> TYPE: DMA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 16 

atggggatgc cactgccctg g 21 



<210> SEQ ID HO 17 

<211> LENGTH: 19 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 17 

ggtggttggc caggcccct 19 



<210> SEQ ID NO 18 
<211> LENGTH: 18 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description 
Primers 

<400> SEQUENCE: 18 

cagtatgggc gttgtgca 



of Artificial Sequence: Synthetic 



18 



<210> SEQ ID NO 19 
<211> LENGTH: 18 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description 
Primers 

<4 00> SEQUENCE: 19 

ctcagtagcg tggttgtg 



of Artificial Sequence: Synthetic 



18 



<210> SEQ ID NO 20 
<211> LENGTH: 21 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE : 20 

cccatcatgg cccaggactg g 21 



<210> SEQ ID NO 21 
<211> LENGTH: 21 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
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-continued 

Primers 
<400> SEQUENCE: 21 

ccagtcctgg gccatgatgg g 21 

<210> SEQ ID HO 22 

<211> LENGTH: 21 

<212> TYPEs DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 22 

ggcctgcacg cgcaccatac t 21 



<210> SEQ ID HO 23 

<211> LENGTH: 24 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description 
Primers 

<400> SEQUENCE: 23 

agtatggtgc gcgtgcaggc cctc 



<210> SEQ ID NO 24 

<211> LENGTH t 18 

<212> TYPE : DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description 
Primers 

<400> SEQUENCE : 24 

agtatggtgt tggtgcag 



of Artificial Sequence: Synthetic 



24 



of Artificial Sequence: Synthetic 



18 



<210> SEQ ID NO 25 

<211> LENGTH: 18 

<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Primers 

<400> SEQUENCE: 25 

ctgcaccaac accatact 16 



<210> SEQ ID NO 26 
<211> LENGTH: 5 
<212> TYPE : PRT 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE: 26 

He Met Hia Gin Asp 
1 5 



<210> SEQ ID NO 27 
<211> LENGTH: 4 
<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 



US 6,277,375 Bl 

85 

-continued 



Peptides 

<400> SEQUENCE : 27 

His Asn His His 
1 



<210> SEQ ID HO 28 

<211> LENGTH: 5 

<212> TYPE I PRT 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE: 28 

He Gin His Gin Asp 
1 5 



<210> SEQ ID NO 29 

<211> LENGTH: 4 

<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 

<40O> SEQUENCE: 29 

Lyo Aon Tyr Tyr 
1 



<210> SEQ ID NO 30 
<211> LENGTH: 5 
<212> TYPE : PRT 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE: 30 

Val Leu His Gin Aep 
1 5 



<210> SEQ ID NO 31 

<211> LENGTH: 4 

<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE I 31 

His Asn His Tyr 
1 



<210> SEQ ID NO 32 

<211> LENGTH: 5 

<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION : Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE: 32 

Val Val His Gin Asp 
1 5 



86 



<210> SEQ ID NO 33 
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<211> LENGTH : 4 
<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 



<400> SEQUENCE: 33 

Mia Asn Arg Phe 
1 



<210> SEQ ID NO 34 

<211> LENGTH: 7 

<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION : Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE: 34 

Leu Ala lie Ser Leu Ala Pro 
1 5 



<210> SEQ ID NO 35 

<211> LENGTH: 7 

<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE: 35 

Leu Val lie Ser Leu His Pro 
1 5 



<210> SEQ ID NO 36 

<211> LENGTH: 7 

<212> TYPE: PRT 

<213> ORGANISM: Artificial Sequence 

<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic 
Peptides 

<400> SEQUENCE: 36 

Leu Leu lie Ser Leu Phe Pro 
1 5 



<210> SEQ ID NO 37 

<211> LENGTH: 4 

<212> TYPE: PRT 

<213> ORGANISM: Hue musculus 

<400> SEQUENCE: 37 

Val Pro Arg ABp 
1 



<210> SEQ ID NO 38 

<211> LENGTH: 11 

<212> TYPE: PRT 

<213> ORGANISM: Mus musculus 

<400> SEQUENCE: 38 

Cys Gly Cya Lys Pro Cys lie Cys Thr Val Pro 
1 5 10 



<210> SEQ ID NO 39 
<211> LENGTH: 212 



US 6,277375 Bl 
89 90 

-continued 



<212> TYPE: PRT 

<213> ORGANISM: Mus musculus 



<400> SEQUENCE: 39 



Giu Val Ser Ser Val Phe lie Phe Pro Pro Lye Pro Lys Asp Val Leu 
15 10 15 

Thr lie Thr Leu Thr Pro Lys Val Thr Cys Val Val Val Aap lie Ser 
20 25 30 

Lys Asp Aap Pro Glu Val Gin Phe Ser Trp Phe Val Asp Asp Val Glu 
35 40 45 

Val His Thr Ala Gin Thr Gin Pro Arg Glu Glu Gin Phe Asn Ser Thr 
50 55 60 

Phe Arg Ser Val Ser Glu Leu Pro He Met His Gin Asp Trp Leu Asn 
65 70 75 80 

Gly Lys Glu Phe Lya Cye Arg Val Aan Ser Ala Ala Phe Pro Ala Pro 
85 90 95 

He Glu Lys Thr He Ser Lys Thr Lys Gly Arg Pro Lys Ala Pro Gin 
100 105 110 

Val Tyr Thr He Pro Pro Pro Lys Glu Gin Met Ala Lys Asp Lys Val 
115 120 125 

Ser Leu Thr Cys Met He Thr Asp Phe Phe Pro Glu Asp He Thr Val 
130 135 140 

Glu Trp Gin Trp Asn Gly Gin Pro Ala Glu Asn Tyr Lys Asn Thr Gin 
145 150 155 160 

Pro He Met Asn Thr Asn Gly Ser Tyr Phe Val Tyr Ser Lys Leu Asn 
165 170 175 

Val Gin Lys Ser Asn Trp Glu Ala Gly Asn Thr Phe Thr Cys Ser Val 
180 185 190 

Leu His Glu Gly Leu His Asn His Hie Thr Glu Lys Ser Leu Ser His 
195 200 205 

Ser Pro Gly Lys 
210 



What is claimed is: 

1. A composition comprising a mutant IgG molecule 
having an increased serum half-life relative to IgG, wherein 45 
said mutant IgG molecule comprises comprises the amino 
acid substitutions: threonine to leucine at position 252, 
threonine to serine at position 254 and threonine to pheny- 
lalanine at position 256. 

2. The composition of claim 1, further defined as a 
pharmaceutically acceptable composition. 



3. A composition comprising a mutant IgG molecule 
having an increased serum half-life relative to IgG, wherein 
said mutant IgG molecule comprises the amino acid substi- 
tutions: histidine to lysine at position 433, histidine to 
tyrosine at position 435 and histidine to tyrosine at position 
436. 

4. The composition of claim 3, further defined as a 
pharmaceutically acceptable composition. 

***** 



